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ABSTRACT 

Jessica Marie Hester 

IMPLICATION OF EUROPEAN-DERIVED ADIPOSITY LOCI IN AFRICAN 
AMERICANS 

 
Dissertation under the direction of  

Donald W. Bowden, Ph.D., Professor of Biochemistry and Internal Medicine, 
Director of the Center for Diabetes Research 

And 
Maggie C.Y. Ng, Ph.D., Assistant Professor,  

Center for Genomics and Personalized Medicine Research, Center for Diabetes Research 
 
 
 

Obesity is a major public health problem, resulting in increased morbidity and 

mortality and heavy economic burdens on health-care systems.  In the United States, the 

financial consequence is considerable.  A great deal of effort has been dedicated to 

research with the goal of understanding factors mediating disease risk and progression of 

obesity. 

Obesity is a consequence of a greater intake of calories than the body requires.  

The prevalence of obesity and morbid obesity, defined as a BMI ≥30kg/m2 and 

≥40kg/m2, respectively, has seen a dramatic increase worldwide in the last few decades 

for both sexes and for all ages and ethnic groups.  Risk for obesity is multifactorial and is 

therefore mediated by multiple factors including environmental surroundings, lifestyle, 

and genetics.  The focus of this thesis is to investigate genetic mediators of obesity in 

African Americans by examining adiposity loci previously discovered in European-

derived populations.  Obesity affects ethnic groups at dissimilar rates and is more 

prevalent in African Americans than European Americans.  Ethnicity is therefore an 

important factor to consider when researching this disease, and is one of the primary 



 xix

focal points of this work.  Genetic factors may lead to the higher susceptibility of obesity 

in African Americans.  Defining genes that affect obesity in African Americans may 

identify novel pathways for regulation of adiposity, which contributes strongly to many 

common diseases including type 2 diabetes, cardiovascular disease, and hypertension. 

Within this thesis, over 50 novel European-derived adiposity loci, including 99 

index variants, were assessed for association with body mass index in six African 

American cohorts.  Subsequently, 50 exonic variants located in the coding regions of 

these same loci were investigated for BMI association in African Americans.  The 

association of both index and exonic variants at these European-derived loci with 

additional measures of adiposity was also examined in African Americans.  Finally, the 

role of coding and noncoding variants at the GALNT10 gene, a novel obesity risk locus 

identified in African-derived populations, was explored in African Americans. 

  The work presented here explores the differences in genetic variation in obesity 

between European- and African-derived populations, investigates whether novel or 

established variants modulate adiposity in African Americans, considers the implications 

of replication and lack of replication of these variants, and evaluates the impact this has 

on the genetics of this disease.  This work broadens knowledge of the genetic 

components of this disease as well as confirms the necessity for further research to 

elucidate mechanisms influencing its risk and progression. 
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CHAPTER 1 

 

INTRODUCTION 

 

Prevalence and Impact of Obesity  

Obesity is one of the most important public health challenges in the United States.  

Obesity results when an individual’s caloric intake exceeds their energy expenditure.  

Body mass index (BMI), a measure of general obesity, is calculated from an individual’s 

weight in kilograms divided by their height in meters squared.  According to the World 

Health Organization (WHO), an individual is considered as overweight, obese, or morbid 

obese if they have a BMI ≥25, 30, and 40 kg/m2, respectively (Flegal et al., 2002).  

Between 2005 and 2006, the National Health and Nutrition Examination Survey 

(NHANES) reported that an estimated 32.7% of US adults 20 years and older are 

overweight, 34.3% are obese, and 5.9% are morbidly obese.   

 Disparity in Obesity Prevalence.  The prevalence of obesity varies by gender, age 

and ethnicity.  Women tend to have a higher prevalence of obesity than men (35.5% vs. 

32.2%) (Wang et al., 2008; Walley et al., 2009).  The prevalence of obesity also trends 

higher with increasing age (Hedley et al., 2004; Wang and Beydoun, 2007).  There are 

also disparities in overweight and obesity prevalence in ethnic minorities, including 

African Americans (AAs) and Hispanic Americans (HAs).  According to the Centers for 

Disease Control and Prevention (CDC) Behavioral Risk Factor Surveillance System 

Survey Data from 2006 to 2008 in the US, AAs had 51% higher rates of obesity and HAs 

had 21% higher obesity prevalence when compared with European Americans (EA) 
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(2011).  Ethnicity is an independent risk factor, as overweight and obesity prevalence 

disparity for AA and HA women increase by ~20% compared to EAs (78%, 72%, and 

57%, respectively).  In adults, 80% of AA and HA women over 40 years of age are 

overweight or obese (vs. ~60% in EAs), and ~50% are obese (vs. ~34% in EAs) (Wang 

and Beydoun, 2007, 2009).  The increased obesity risk in ethnic minorities is not fully 

explained by environmental indices, such as socioeconomic status (SES), and likely 

involves genetic differences (Olden and White, 2005; Reimann et al., 2007).   

Obesity and its Comorbidities.  Medical and scientific concern regarding obesity 

is due to the comorbidities to which the obese people are predisposed, such as type 2 

diabetes (T2DM) and cardiovascular disease (CVD).  T2DM has shown the strongest and 

most recognized connection to obesity of any comorbidity (W. V. Brown et al., 2009; 

Colditz et al., 1995; Jin and Patti, 2009; Lazar, 2005; Mokdad et al., 2003).  In a recent 

meta-analysis of obesity comorbidity from studies of European-derived subjects, the 

relative risk (RR) of T2DM for obese women was 12.41 and for obese men was 6.74 as 

compared to normal weight subjects (Guh et al., 2009).  In addition to being at greater 

prevalence for obesity, US ethnic minorities have greater risk for T2DM and CVD 

(Brancati et al., 2000; Candib, 2007; Cossrow and Falkner, 2004; Goedecke et al., 2009; 

Harris et al., 1998; Lovejoy et al., 1996).  While T2DM prevalence has increased since 

the 1970s in all ethnicities and BMI groups; overweight has also been increased by 33% 

in EAs, 60% in AAs, and 227.3% in HAs (Q. Zhang et al., 2009). 

Obesity and Mortality.  Ultimately, obesity translates to years of life lost and/or 

increased risk of mortality.  The relationship of obesity and mortality differs by ethnicity 

as well, especially between EAs and AAs.  The RR of mortality for obese individuals 
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with no history of disease was 2.58 for EA men, 2.00 for EA women, and not significant 

in AA individuals (Bellanger and Bray, 2005; Bray and Bellanger, 2006; Calle et al., 

1999).  Despite an ethnically heterogeneous relationship between obesity and mortality, 

the death rate from obesity’s comorbidities remains higher in ethnic minorities (Albert, 

2007; Deshpande et al., 2008). 

Obesity’s National Impact and Projection.  It is predicted that more than 41% of 

the adult population will be obese by 2015.  The highest projected prevalence of obesity 

for 2015 is in AA women (62%), followed by HA women (47%) and EA women (36%) 

(Beydoun and Wang, 2009; Wang and Beydoun, 2007).  These projections support the 

“ethnic shift hypothesis,” which suggests that the mounting obesity rates are due to the 

disproportionate prevalence in the fastest growing ethnicities (Walley et al., 2009).  Aside 

from the personal costs to the individual, common obesity accounts for 5-8% of US 

healthcare costs (Barness et al., 2007; J. R. Speakman, 2004; Thompson and Wolf, 2001; 

Walley et al., 2006). 

Pathophysiology of Obesity 

Common obesity is a result of a prolonged and positive metabolic balance in 

which the net expenditure of caloric energy is less than the net intake of caloric energy.  

Individual susceptibility to weight gain is a product of environment, lifestyle, and 

genetics (Barness et al., 2007; Bouchard, 2007; Newell et al., 2007; J. R. Speakman, 

2004).  The genetic factors of obesity are inherited variations in the genome that give rise 

to a more obesogenic physiology. 

Adiposity Phenotypes.  Qualitative phenotypes are definitive categorizations 

based on some threshold, such as the clinical state of obesity (BMI ≥ 30 kg/m2) or 
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diabetes (fasting blood glucose ≥ 126 mg/dL or 2 hour glucose during oral glucose 

tolerance test ≥ 200 mg/dL).  Conversely, quantitative phenotypes have a numerical 

scale, such as BMI or blood glucose itself.  Current methods of quantitatively measuring 

adiposity can be divided into two categories:  anthropometric measurements and direct 

measurements.  Standard anthropometric measures of obesity include Body Mass Index 

(BMI), waist circumference (WAIST), and waist to hip ratio (WHR).  The most common 

measure of obesity is BMI, which is an index of weight distributed over the entirety of 

the body frame.  WAIST is a measure of the circumference of the waist in centimeters, 

and is a gauge of fat deposit in the abdomen.  WAISTs ≥102 cm in males and ≥ 88 cm in 

females are considered indicative of increased comorbidity risk due to elevated 

abdominal fat.  WAIST is included in the diagnostic criteria for the metabolic syndrome, 

which is a coincidence of dyslipidemia, hypertension, and hyperglycemia with abdominal 

obesity that is considered highly predictive of comorbidity (Despres and Lemiex, 2006).  

WHR is WAIST divided by the circumference of the hips, which determines if fat is 

localized centrally or diffused into the hips and thighs.  WHR of lower than .90 in men 

and .80 in women is considered healthy, but this measure is not as widely utilized as 

WAIST (Ketel et al., 2007).  Some of these measures, though considered diagnostic, are 

only crude estimates of total fat.  For instance, BMI misdiagnoses mesomorphic or high 

bone mass individuals as obese because it only takes into account overall weight and not 

the components of the weight (Speakman, 2004).  The most accurate anthropometric 

measures of obesity are those based on water or air displacement, which are generally 

impractical for human genetic studies (Lee and Gallagher, 2008).   
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Direct measurements of abdominal obesity, often obtained via dual energy x-ray 

absorptiometry (DXA) or computed-tomography (CT) scanning, include visceral adipose 

tissue (VAT), subcutaneous adipose tissue (SAT), and visceral to subcutaneous ratio 

(VSR).  DXA directs x-rays of two different wavelengths towards an area of interest, 

where the rate of absorption of each x-ray measured by photon counters indicates 

percentages of tissue types in that area (Andreoli et al., 2009).  Of extreme interest in 

obesity is VAT, which is a measurement of fat tissue area surrounding the viscera.  SAT 

is a measurement of the area of fat tissue closely associated with the skin, which clearly 

contributes to body mass.  VSR is a measurement of the proportion of VAT to SAT in the 

abdomen, where higher ratios show elevated localization of adipose tissue to the viscera.  

DXA and CT-scanning perform similarly in assessment of direct abdominal adiposity 

phenotypes (Bertin et al., 2000; Snijder et al., 2002). 

 The “Obesogenic” Environment. The independent environmental factors of age, 

gender, and ethnicity affect risk of obesity to a great extent.  Another broadly important 

environmental factor of obesity is the modernly built environment. The character of one’s 

area of residence influences recreational options, available restaurants, and types of food 

markets (Cummins and Macintyre, 2006; Diez-Roux et al., 1999).  In turn, the presence 

of produce-selling supermarkets, exercise venues, and perceived personal safety provide 

reduced obesity risk (Lovasi et al., 2009).  Similarly, modernization has contributed to 

the obesity epidemic by reducing opportunities or necessity for walking, limiting space 

for active recreation while expanding sedentary options, and providing constant 

opportunity to eat (Caballero, 2007; Frank et al., 2004; Goran and Treuth, 2001).  An 

individual’s built environment strongly coincides with SES and ethnicity.  As a result, 
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higher rates of obesity are expected for those with the lowest SES, especially among 

women, AAs, and HAs (Cummins and Macintyre, 2006; Shrewsbury et al., 2009).  Those 

of lower SES pursue more affordable and available activities, live in lower-cost areas, 

and produce economical foods; all of which are often obesogenic. 

The increasing availability of food enhanced by refined sugars and vegetable oil 

was responsible for increases in height and weight throughout the 19th century (Caballero, 

2007).  In the 21st century, energy dense foods (such as pre-packaged foods, “fast food,” 

and sweetened beverages) are consumed beyond their nutritional need in the developed 

world.  These types of food can also contain suspected obesogenic ingredients, such as 

high fructose corn syrup or trans-fats (T. Brown and Summerbell, 2009; Kavanagh et al., 

2007; Saravanan et al., 2005).  Families of a lower SES are more limited in their food 

choices and often resort to consuming these more economical and available, energy-

dense foods as their sole source of nutrition.  As a result, children exposed to poor uterine 

nutritional conditions have lower birth weight or exhibit growth retardation, but also have 

at least one obese family member.  Undernourishment exhibited by children in such dual 

burden households is a cumulative risk factor for later obesity (Caballero, 2007; Candib, 

2007; Doak et al., 2005; Jones and Friedman, 1982). 

Cultural influences are another environmental factor to consider.  The view of 

portion size has shifted to favor larger portions, with greater amounts of food seen as a 

greater value (Wang and Beydoun, 2007; L. R. Young and Nestle, 2002).  There is also 

near constant application of psychosocial stress.  Physiologically, stress-induced 

hypercortisolemia promotes adiposity through stimulation of a “stress-eating” coping 

response, and contribution to insulin resistance.  Behaviorally, stress-induced avoidance 
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of clinical visits can deprive an overweight person of medical intervention (Drury and 

Louis, 2002; Muennig et al., 2009).  In addition, HAs or AAs are more likely to find a 

larger body size closer to their ideal size, and AAs are more likely to perceive larger body 

size as attractive (Bennett et al., 2006; Juarbe, 1998).  An individual’s cultural identity 

can determine the type and extent of food-centered traditions in which they engage 

(Candib, 2007).   

The lifestyle factors underlying common obesity are also determined by 

individual choices regarding physical activity and diet given a particular environment.  

More than one third of US adults have not been as physically active as recommended 

(150 minutes of moderate activity or 75 minutes of vigorous activity per week).  

Comparatively lower physical activity was observed in the obese people, those of lower 

SES, women, ethnic minorities, and with increasing age (CDC, 2008; King, 2009).  

Simultaneously, more than 58% of adults have reported watching 2 or more hours of 

television per day, and the US teenager spends more than 30 hours a week on average 

(Bowman, 2006; Caballero, 2007).  Such lifestyle choices in including lower physical 

activity results in a reduction of active caloric expenditure, as well as an increased caloric 

intake in some cases.  US adults have increased caloric intake by about 200 kilocalories 

between the 1970s and 1990s (Nielson et al., 2002).  Americans are consuming larger 

quantities of sweetened beverages, but reducing consumption of more nutritive ones such 

as milk (Nielson and Popkin, 2004).  More Americans also consume fewer fruits and 

vegetables than recommended, and consume less beneficial caloric sources instead (King 

et al., 2009).  Obesogenic food choices are grounded in learned childhood behaviors, 
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where there are modern increases in snacking, meals eaten out, meal-skipping, and 

portion size (Nicklas et al., 2001; Roblin, 2007).   

The modern environment in which we live can be considered obesogenic, with 

many environmental and lifestyle factors underlying obesity.  For a number of years, 

epidemiologists have attempted to determine which combination best explains obesity 

risk.  However, no single combination can completely explain obesity risk.  By casual 

observance, individuals under similar environmental conditions and lifestyles can have 

significantly different adiposity levels (Blakemore and Froguel, 2008; Dina, 2008; 

Walley et al., 2009).  The final component comprising obesity risk, is predisposing, 

inherited variations in physiology. 

 

The Genetics of Obesity 

Genetic epidemiology has been instrumental in defining the magnitude of genetic 

contribution to obesity from a population perspective.  Evidence for a genetic component 

for BMI and other obesity measures can be generated from heritability (h2) estimates.  

Heritability is the fraction of the population (genetic and environment) variation in a trait 

(e.g. BMI) that can be explained by genetic transmission. Heritability can be calculated 

using a variety of study types, such as twin studies, in which the resemblance for a trait 

between monozygotic (MZ) twins is compared to the resemblance among dizygotic (DZ) 

twins.  Family studies can obtain estimates of h2 and genetic contribution through 

determining BMI correlations in defined relative pairs (such as parent-offspring, full 

siblings, half siblings, cousins).  In this case, the expectation is that a higher degree of 

relation will result in a more significant correlation.  Modern twin and family studies can 
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also estimate h2 using variance components-based methods.  These methods decompose 

the observable trait variance between relative pairs (weighted by the degree of 

relatedness) into its components:  dominant genetic variance, additive genetic variance, 

and environmental variance.  Subsequently, the within-family genetic variance is 

compared to the population trait variance to obtain h2 (Henkin et al., 2003; Hsu et al., 

2005).   

A meta-analysis of BMI h2 and familial trait correlations in European-derived 

cohorts through 1997 reviewed the evidence for a genetic component to obesity.  The 

review found that h2 ranged from 50 to 90% in twin studies, implying that MZ twins had 

much greater BMI concordance than DZ twins (Maes et al., 1997).  One twin study 

demonstrated a BMI h2 of 77% despite the birth of twins into the developed obesogenic 

environment (Wardle et al., 2008).  In family studies, within-pair correlations varied 

greatly between cohorts, but all suggested a genetic role for obesity in the meta-analysis 

(Maes et al., 1997).  Evidence for a heritable component to BMI is not limited to 

European-derived cohorts.  Variance component analyses in family studies from the 

Diabetes Heart Study (DHS) and the Insulin Resistance Atherosclerosis Family Study 

(IRASFS) suggest h2 for BMI were 69% in a mixture of EAs and AAs (Hsu et al., 2005), 

and 54% for a mixture of HAs and AAs (Henkin et al., 2003), respectively. 

Evolutionary Theories.  Additional evidence of obesity’s genetic component is the 

ability to explain its modern prevalence through evolutionary theory.  Neele’s “thrify 

gene” hypothesis suggests that genetic variants predisposing humans to store energy as 

adipose tissue would have been favored in ancient man.  Following the advent of 

agriculture, ancient humans with adipose energy stores, under strong selective pressures, 
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were more successful during alternating feast and famine seasons (Neel, 1962; J. R. 

Speakman, 2008).  However, the mortality directly caused by a modern famine seems too 

low, and the selective advantage attained too high, to create the modern prevalence of 

obesity in the number of generations that have passed (Speakman, 2008; Song, 2009).  

Therefore, it is likely that thrifty genetic variants would have also undergone fertility 

selection.  Conception and gestation partially depends on hypothalamic signals of proper 

energy balance, which are disrupted by malnourishment (Pinelli and Tagliabue, 2007; 

Prentice et al., 2008).  Those most likely to pass on their genetic material during “hungry 

seasons” would be those of reproductive potential with adiposity stores.  While increased 

ability to survive and reproduce during famine would have been advantageous to ancient 

man, these same “thrifty genes” are disease genes in modern caloric abundance.  A novel 

hypothesis suggests that modern obesity prevalence can be explained by “drifty genes”.  

The “drifty gene” hypothesis argues that adiposity has undergone balancing selection 

with two intervention points:  very large humans would be predated and the very lean 

would starve.  Therefore, genetic variation of obesogenic loci that did not place an 

individual beyond these intervention points randomly accumulated and drifted.  Two 

million years ago, with the development of weapons, fire, and society, humans were 

effectively freed of the risk of predation.  Since then, obesity-predisposing genetic 

variants of even large effect size were no longer selected against, and were free to 

accumulate.  The “drifty gene hypothesis” does not only apply to a theoretical release 

from predation, but also extends to genes influencing neutral phenotypes in ancient man, 

such as the ability to digest refined sugars.  Mutations could accumulate in genes 
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involved in such processes, as they were irrelevant to environmental conditions, but are 

more pertinent in modern times (Speakman, 2007; Speakman, 2008). 

Candidate Genes.  Additional evidence for obesity’s complex genetic component 

includes the murine models, as well as monogenic and syndromic forms of human 

obesity.  Murine models of obesity provided the first evidence of a solely genetic origin, 

as mice are not subject to the same environmental and lifestyle factors as humans.  For 

example, typical murine models are the naturally occurring ob/ob mouse and the db/db 

mouse.  These mice are quite obese, exhibiting hyperphagia, abnormal lipid profiles, and 

insulin resistance (J. Speakman et al., 2007; J. R. Speakman, 2004; Y. Zhang and 

Scarpace, 2006).  The causative genes leptin (LEP) and its cytokine receptor (LEPR) 

were isolated using positional cloning, and this remains a classical use of the technique in 

mice.  The ob/ob mouse has a complete lack of leptin due to a nonsense polymorphism 

(Speakman et al., 2007).  Conversely, the db/db mouse has reduced leptin receptor 

binding due to a nonsynonymous point mutation (Kobayashi et al., 2000).  Leptin is an 

extremely potent hormone that is secreted by white adipose tissue (in proportion to 

adiposity) and the hypothalamus. 

Leptin plays an important role in conveying the status of energy stores in humans, 

allowing adjustment of energy intake and utilization accordingly.  It accomplishes its 

function by neural and peripheral metabolic mechanisms (Zhang and Scarpace, 2006).  

Leptin controls appetite neurologically by constitutively stimulating hypothalamic 

“satiety neurons” that produce anorexigens and inhibiting “hunger neurons” that produce 

orexigens (Farooqi and O'Rahilly, 2009; Munzberg et al., 2005; Mutch and Clement, 

2006; Walley et al., 2009).  After binding leptin receptor in a “satiety neuron”, leptin 
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causes proteolytic cleavage of proopiomelanocortin and cocaine and amphetamine related 

transcript (POMC-CART) through prohormone convertase 1 (PC-1) into α-melanocyte 

stimulating hormone (MSH).  MSH then binds the G-protein-coupled melanocortin 3 or 

melanocortin 4 receptors (MC3R or MC4R), propagating anorexigenic signaling through 

brain-derived neurotrophic factor (BDNF) and signal transducer and activator of 

transcription 3 (STAT3), among others.  Meanwhile, if binding leptin receptor in a 

“hunger neuron”, leptin inhibits release of orexigens like neuropeptide Y (NPY) and 

agouti-related peptide (AGRP).  NPY is one of the strongest orexigens, known to produce 

intense hyperphagia upon injection into the murine brain, as well as reduced energy 

dissipation.  AGRP is an antagonist for MSH at MC3R and MC4R, causing both acute 

and long-term increases in appetite and fatty food preference (Mutch and Clement, 2006; 

Farooqi and O’Rahilly, 2009; Magni et al., 2009).  Leptin controls metabolism 

peripherally by increasing fatty acid oxidation in skeletal muscle, stimulating 

thermogenesis, and activating insulin receptor substrate (IRS) proteins, which are a 

downstream component of the insulin receptor (Howard and Flier, 2006; J. C. Tan and 

Rabkin, 2005). 

The genes encoding these proteins are among the 11+ genes for which over 200 

cases of Mendelian obesity have been attributed, though monogenic obesity remains rare.  

Nearly all cases of monogenic obesity involve mutations in the hypothalamic energy 

homeostasis axis, and nearly all are characterized by early-onset hyperphagia and 

metabolic abnormalities (Mutch and Clement, 2006; Walley et al., 2009).  Inheritance of 

any of 90 different mutations in MC4R leads to monogenic obesity, accounting for an 

estimated 2-3% of childhood and severe obesity cases (Clement, 2006; Mutch and 
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Clement, 2006).  The monogenic forms of obesity are similar in their hyperphagic 

phenotype to syndromic forms of obesity, the most common of which is Prader-Willi 

syndrome (PWS).  Distinguished from monogenic obesity, PWS symptoms include 

mental retardation, and it is associated with the absence of the paternal chromosome 

15q11.2-q12 (Mutch and Clement, 2006).  There is evidence of increased level of 

circulating ghrelin in PWS patients.  Ghrelin is an orexigenic gut hormone, which 

directly activates the same “hunger neurons” that leptin inhibits (Goldstone, 2006; Mutch 

and Clement, 2006).  Monogenic and syndromic obesity suggest strong genetic 

components in humans. 

Thus, the obesity epidemic is caused by an interaction between the obesogenic 

environment, obesogenic lifestyle, and obesogenic genetic variation.  Public health 

campaigns and medical interventions have attempted to combat obesity, but these often 

rely solely upon altering lifestyle and environmental factors.  If clinical treatment fails in 

the severely obese, then the patient is forced to consider invasive bariatric surgeries (Kral 

and Naslund, 2007).  In addition, current medical strategies are derived from the 

ethnically heterogenous population, not accounting for individual genetic backgrounds 

(Aronne et al., 2009).  Therefore, very little of the genetic component of obesity has been 

addressed by clinical medicine, and it is unsurprising that current efforts alone have 

largely failed to slow its spread.  Though the Mendelian diseases and syndromes involve 

genes that could have major roles in human obesity, it still leaves much to be understood.  

For example, despite all of leptin’s apparent significance in energy homeostasis, and its 

peripheral level is elevated in obese individuals, genetic variation within the leptin axis 

has shown little to no association to common obesity (with few exceptions, such as 
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MC4R).  Furthermore, peripheral injection of leptin in obese humans without Mendelian 

deficiencies has little to no effect on their BMI (Heynsfield, 1999; Hofbauer, 2002; 

Farooqi and O’Rahilly, 2009). 

Linkage Disequilibrium, Haplotypes, and the Structure of the Human Genome 

 Linkage Disequilibrium. The structure of the human genome has aided both 

linkage and association analyses to identify genes influencing disease and phenotypes.  

One of the genome’s key features is Linkage Disequilibrium (LD), which is the non-

random association of alleles at adjacent loci, and it occurs due to the shared ancestry of 

the sequence of chromosomes.  For example, as mutations occur, the SNPs in the same 

vicinity are inherited with the mutation.  The strength of LD between markers dissipates 

with increasing genetic distance.  Some studies illustrate that LD extends over long 

distances while others show a faster decline in LD between markers with distance 

(Pritchard and Przeworski, 2001).  Several factors influence LD patterns in the human 

genome including mutation, recombination, admixture, genetic drift, population growth, 

migration, population structure, gene conversion, and natural selection (Ardlie et al., 

2002).  Mutation and recombination slowly break down LD between markers at a rate of 

1x10-8 per base pair (bp) per generation (2005). 

 There are several ways to measure LD.  The first proposed measure of 

disequilibrium was D (Lewontin, 1964), which is the difference of the frequency of 

observing a two-SNP haplotype (AB) and the frequency of the expected haplotype 

frequency if the segregation of the alleles was random (D = PAB – PA x PB).  However, 

due to the measure’s dependence on allele frequencies, it is not very useful in defining 
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the strength of LD between markers.  The other two measures of LD that are most 

common include D’ and r2 (Ardlie et al., 2002). 

 D’ is a measure of the tendency of two alleles to be inherited together.  It is 

calculated by dividing D by its maximum possible value (Ardlie et al., 2002).  When D’ 

is equal to one, the two SNPs are said to be in complete LD, and are always inherited 

together with little or no recombination occurring between them.  A D’ value of zero 

indicates that the two SNPs are undergoing independent assortment.  Values between 0 

and 1 indicate that the ancestral haplotype block has been disrupted with some amount of 

recombination, but do not give accurate representations of the strength of LD between 

markers. 

 The r2 statistic represents the correlation between two SNPs and is a measure of 

how well the information from one SNP predicts the information of the other.  It is 

calculated from squaring D and dividing the value by the product of all possible allele 

frequencies (r2=D2/(p1xq1xp2xq2)) (Ardlie et al., 2002).  An r2 value of one indicates that 

all of the information from one SNP tells information about the other, while a value of 

zero means that no information from one SNP tells information about the other.  This 

measure takes allele frequencies into account, which allows for comparisons of the 

strength of LD when r2 is less than one.  In order to have enough power to detect 

association at the marker locus when it is correlated with the susceptibility locus, the 

sample size must be increased by a factor of 1/r2 (Pritchard and Przeworski, 2001). 

 Haplotypes.  Association studies have been possible and practical due to the 

haplotype structure of the human genome.  A haplotype is a collection of alleles of SNPs 

that are inherited together more than expected by chance.  Daly and colleagues genotyped 
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103 SNPs in Canadians to investigate haplotype structure of a 500 kb region of 

chromosome 5q31.  They found that the human genome is composed of haplotype 

blocks, with limited to no recombination within the blocks, and regions of high 

recombination (“hotspots”) between these blocks (Daly et al., 2001).  Gabriel and 

colleagues defined the structure of haplotype blocks using 275 HapMap samples of 

African, Caucasian, and Asian descent.  Their results indicate that about half of the 

genome is composed of blocks of 22 kb or larger in Africans and African Americans and 

blocks of 44 kb or larger in European and Asians (Gabriel et al., 2002).  African-derived 

populations have smaller haplotype size as well as higher diversity of haplotypes because 

they are older populations and recombination has had a longer amount of time to disrupt 

LD and these haplotype blocks.  Although the blocks are different in size, many of the 

boundaries of haplotype blocks are similar among all populations. 

 Haplotype blocks can be defined using three models:  confidence intervals 

(Gabriel et al., 2002), the four-gamete rule (Wang et al., 2002), and the solid spine of LD.  

Confidence intervals are based on 95% confidence bounds on D’ , where a block is 

created if 95% of the informative comparisons between markers are in strong LD (D’ 

between 0.7 and 0.98).  This method is robust when applied to specific studies since it 

takes into account frequencies of SNPs and sample sizes for pairs of markers with exact 

estimates.  Wang and colleagues proposed a method that extends the four gamete rule to 

define haplotype blocks (2002).  This definition takes into account population history, the 

density of genetic markers, and the number of chromosomes studied to determine the 

distribution of observed recombination crossovers between loci.  A block is defined if 

only 3 gametes are observed between consecutive markers.  Solid spine defines blocks 
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based on SNPs that have strong LD along the sides of the triangle in the LD block.  This 

mostly takes into account SNPs at the end of the block, which are in strong LD with 

SNPs in the block.  However, SNPs within the blocks may not be in strong LD with each 

other. 

 Both the HapMap project and studies on the structure of the human genome have 

given tools to researchers in order to easily perform association studies.  The haplotype 

structure of the genome and the utility of tagSNPs allows for much more feasible 

genotyping in association studies.  Genotyping tagSNPs gives a large amount of data 

about other SNPs they are in LD with (usually high r2), and serve as good surrogates to 

accurately “tag” the haplotype variation in the region of interest. 

Admixture 

 Admixture arises when mating takes place between individuals from 

reproductively isolated ancestral populations (Tang et al., 2005).  African-American is a 

recently admixed population formed from their African and European ancestral 

populations.  A recent study in African American populations from Chicago, Baltimore, 

Pittsburgh, and North Carolina showed that 69-74% of their genome was derived from 

West Africa while 11-15% was derived from Europe or the Middle East.  However, the 

African and European ancestry levels varied considerably among individuals (Tishkoff et 

al., 2007).  Admixture can create disequilibrium between pairs of unlinked loci, leading 

to spurious associations.  Due to differences in minor allele frequency (MAF) between 

different ethnicities, admixture can also mask true associations (Halder et al., 2009). 

Genetic markers (microsatellites and SNPs), referred to as ancestry informative markers 

(AIMs), can be used to estimate ancestry proportions (Pfaff et al., 2004; Tang et al., 
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2005).  The individual admixture of an individual is defined by the proportion of 

ancestors of the individual from each of the ancestral populations.  The most informative 

markers are those that have large frequency differences between the ancestral 

populations. 

 Admixture mapping is another method that can be used to identify loci that are 

associated with disease of different prevalence in the ancestral populations.  The mixture 

of two ancestral populations creates chromosomes made of large segments with ancestry 

from the two different populations.  Admixture mapping utilizes long range LD and 

differences in allele frequencies in ethnically diverse populations in order to narrow in on 

regions of the genome associated with quantitative traits or disease.  It is a positional 

cloning approach using local ancestral proportions to identify loci linked to a trait or 

disease. 

Methods for Identifying Complex Disease Genes 

 Positional Cloning.  One of the first approaches to genetic studies was positional 

cloning, which identifies a disease gene based on its position in the genome, independent 

of its function.  This method utilizes genetic maps and linkage analysis.  After an initial 

linkage peak is found, these studies are usually followed up with fine mapping 

(increasing the density of markers under the peak) by linkage disequilibrium, which aids 

in the selection of candidate genes by association tests.  Genetic maps are created by 

following the inheritance of polymorphic genetic markers within families.  The most 

commonly used polymorphisms for genetic maps and linkage analysis are simple 

sequence repeats, or microsatellites, which have 10-20 copies of 2 to 6 repeating 

nucleotides.  Microsatellites are highly polymorphic and have high polymorphism 
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information content (PIC), allowing one to follow the inheritance of alleles within 

families due to the higher number of informative meiosis.  The first high-density genetic 

map (a marker per centimorgan, cM) was created primarily using microsatellites and 

allowed for the identification of a number of quantitative trait loci (QTL) and disease loci 

(Murray et al., 1994). 

 Genome Wide Linkage Scans.  Linkage is used to test for the coinheritance of 

markers within families that segregate with the disease or quantitative phenotype.  In 

quantitative trait linkage analysis, large extended families have greater power to detect a 

QTL (Blangero et al., 2003).  The variance component method is utilized for large 

extended families in order to examine the sharing of alleles identical by descent (IBD) 

within families (Almasy and Blangero, 1998).  Inheritance patterns of alleles are 

evaluated in order to see whether they predict similarities in phenotypes that are observed 

between family members (Blangero et al., 2003).  These tests can be performed at the 

genome wide level to evaluate markers across the whole genome in order to identify 

QTLs.  Logarithm of the Odds (LOD) scores are a statistical measure of linkage between 

a locus and a quantitative trait or disease in linkage analysis.  LOD scores are calculated 

from the log base 10 probability of the co-inheritance of the trait or disease over the 

probability of no co-inheritance.  LOD scores greater than 3 indicate strong evidence of 

linkage, with 1000 to 1 odds of coinheritance of the marker with the disease or trait.  

Almasy and Blangero summarize several successes of this method for obesity-related 

traits (chromosome 2q; leptin and BMI), BMI (chromosome 3) and triglycerides 

(chromosome 15) (2009).  However, these studies are most useful for identifying rare 

variants with moderate effect and replication of linkage peaks has proven challenging. 
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 Gene mapping for rare and monogenic forms of familial obesity has identified 

several key proteins that regulate appetite and adiposity such as α-melanocortin-

stimulating hormone receptor (MC4R), pro-opiomelanocortin, prohormone convertase-1 

(PCSK1), leptin and its receptor (Loos and Bouchard, 2003).  However, the mapping of 

common polygenic obesity using genome-wide linkage scans and the candidate gene 

approach have demonstrated limited success and literature on African American studies 

are limited (Rankinen et al., 2006).  Recently, more comprehensive analysis of candidate 

genes in a large sample size revealed that “common” variants at PCSK1 were associated 

with general obesity, which was further confirmed by using the genome-wide association 

approach (Benzinou et al., 2008). 

Association Studies.  After sequencing the human genome, association studies 

became a commonly used method to investigate candidate genes under linkage peaks or 

based on functional relevance.  These studies primarily utilize single nucleotide 

polymorphisms (SNPs), the single nucleotide of variable identity in a population, which 

account for nearly 90% of human sequence variation (Collins, Brooks, et al., 1998). The 

version of the genetic marker an individual has inherited is called an allele, whereas the 

alleles inherited at a locus are the genotype.   There are 9-10 million common SNPs 

across the human genome with a minor allele frequency greater than 5%.  Occurring 

every 100-300 bp, their high frequency makes SNPs useful in association studies 

(Chorley et al., 2008).  The principle objective of association studies is to identify alleles 

that co-occur with phenotypes or disease.  A majority of these studies utilize case-control 

samples for disease association and population samples for quantitative trait association, 

in which a P-value is generated to determine if an allele is present with a higher 
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frequency in cases when compared to controls, or associated with level of a quantitative 

trait, respectively.  However, family studies can also be used to test for association using 

a variety of approaches such as the transmission disequilibrium test (TDT; over 

transmission of an allele from heterozygous parents to affected offspring) and the 

variance component method (compares means for each genotype to determine if the 

differences are statistically significant). 

 The first SNP map composed of 1.42 million SNPs was created from the SNP 

Consortium and the Human Genome Project (Lander et al., 2001; Sachidanandam et al., 

2001).  Soon after, in October 2002, the International HapMap Project was created in 

order to provide a publicly available database of human sequence variation for genetic 

studies of diseases and quantitative phenotypes (2003).  The original project studied 90 

Yoruban individuals (YRI; 30 trios) from Ibadan, Nigeria, 90 individuals from Utah 

(CEU; 30 trios), which were collected as part of the Centre d’Etude du Polymorphisme 

Humain (CEPH; Northern and Western European Ancestry), 45 unrelated Japanese (JPT) 

from Tokyo, and 45 unrelated Han Chinese (CHB) from Beijing.  Phase II was completed 

in 2007, which consisted of additional genotyping of 2.1 million SNPs in these four 

populations.  The total 3.1 million SNPs consist of 25-35% of common SNP variation in 

the human genome for these populations and there are 1.14 polymorphic SNPs every 1 

kilobase (Frazer et al., 2007).  Phase III has extended the HapMap project by adding 

additional populations, including Mexican Americans, African Americans, and several 

African descent populations (http://www.hapmap.org).  Association studies using these 

SNPs have successfully been utilized at the single gene level, as well as at a genome wide 

scale. 
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 Genome Wide Association Studies.  Genome Wide Association Studies (GWAS) 

have been the new wave of association studies in the 21st century.  The development of 

high-throughput genotyping technology allowed investigators to genotype millions of 

SNPs spread across the genome simultaneously.  This approach is similar to positional 

cloning, where variants associated with either a disease or quantitative trait are identified 

independent of function.  This method has been successful in identifying more than 60 

loci associated with T2DM/glucose homeostasis traits and more than 50 loci associated 

with obesity/obesity related traits.   

 Transcription factor 7-like 2 (TCF7L2) has been the most successful gene found 

to date for T2DM with the largest effect size observed so far (Grant et al., 2006).  For 

obesity, variants within intron 1 of FTO were associated with increases in BMI in adults 

and children which thus modulate risk for T2DM (Dina et al., 2007; Frayling et al., 2007; 

Scuteri et al., 2007).  FTO has shown replication for association with BMI in many 

European-derived populations (Pascoe et al., 2007; Scott et al., 2007; Zeggini et al., 

2007; Andreasen et al., 2008; Do et al., 2008; Haupt et al., 2008; Hunt et al., 2008, 

Peeters et al., 2008), although there are equivocal results in African Americans (Scuteri et 

al., 2007; Song et al., 2008; Wing et al. 2009) and Asians (Horikoshi et al., 2007; Al-

Attar et al., 2008; Li et al., 2008).  Although there have been many loci identified from 

variants associated with traits and disease, GWAS requires large sample sizes in order to 

have enough power to detect common variation with small effects.  Replication has also 

been difficult for some of the variants identified using this method. 

 Genetic Variants and Function.  Until the 1990s, genetics was unable to study the 

global relationship of human genomic variation and disease due to lack of technology and 
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reliance on sparse genetic markers such as blood groups, blood enzymes, or restriction 

fragment length polymorphisms (Stein and Elston, 2009).  Modernly, the two most 

commonly used genetic markers in positional cloning are microsatellites and single 

nucleotide polymorphisms (SNPs).  A microsatellite is a highly polymorphic, variable-

length tandem repeat DNA sequence, comprised of 1-4 base units.  SNPs are a single 

nucleotide of variable identity in a population.  The version of the genetic marker an 

individual has inherited is called an allele, whereas the alleles inherited at a locus are the 

genotype.  Due to their variable identities, genetic markers are also referred to as genetic 

variants.  These markers are common; microsatellites occurring 1 every 6 kilobases (kb) 

and SNPs occurring 1 or more every 1 kb in humans (Beckman and Weber, 1992; 

Chorley et al., 2008).  The genomic density of SNPs is such that they account for over 

90% of inter-individual sequence variation (Chorley et al., 2008; Collins et al., 1998). 

 Genetic variants have the ability to affect gene transcription or activity regardless 

of physical location.  Often, adiposity-associated variants identified through positional 

cloning reside within introns or intergenic space (Walley et al., 2009).  This finding was 

originally puzzling, as intronic and intergenic sequence was thought to be of minimal 

physiologic importance.  These associated variants may either be tagging a causal variant, 

or they may have a “regulatory” effect on altering gene transcription or adaptive 

environmental response, such as through modulation of response elements, enhancers, 

alteration of intron splicing, or modification of RNA folding (Myers et al., 2006; Nackley 

et al., 2006).  Less common are adiposity-associated variants within exons identified 

through positional cloning.  Though rarer in complex disease, phenotypic effects due to 

an exonic variant can be dramatic in those that inherit them.  These variants are 
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considered “coding” for their possible alteration of gene products via amino acid 

substitutions or the creation or ablation of stop codons (Mutch and Clement, 2006; 

Chorley et al., 2008). 

Molecular Pathways of Obesity 

 Because positional cloning makes no assumption about what kinds of genes may 

harbor variants influencing risk of developing common obesity, it is necessary to 

consider mechanisms of broader importance.  All molecular and organ-centric 

mechanisms operate to maintain homeostasis, shifting the maintenance point of 

homeostasis only if vital.  In looking for obesity genes, one is truly looking for molecular 

pathways that, when modified by genetic variation could deregulate energy homeostasis.  

There are three major systems by which genetic variations may exert an influence on 

energy homeostasis, including neurobiology, metabolism, and adipocyte biology (Palou 

et al., 2001).  The search for genes contributing to risk of becoming obese given an 

obesogenic environment cannot be separated from risk for obesity comorbidities.  That is, 

inherited variations in genes that predispose one to be obese also likely predispose one to 

be at increased risk for T2DM or CVD. 

 Obesity as a neurobiological disease.  The CNS is an important regulator of 

appetite, eating behavior, and digestion given the nutritive status.  Afferent signals from 

the periphery to the CNS regarding nutritive status are either tonic or acute. Leptin and 

insulin comprise the two most important tonic signals to the CNS.  Leptin is the principle 

hormone conveying adiposity levels, where greater adiposity results in greater circulation 

of leptin.  This normally causes a reduction in feeding (via the hypothalamic neural 

networks), weight loss, and increased sensitivity to acute anorexigenic stimuli.  Insulin is 
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secreted by the pancreas in basal amounts and also at increased levels during feeding, but 

always in proportion to adiposity level.  In the hypothalamus, insulin synergistically 

activates the same “satiety neurons” as leptin, inhibits the same “hunger neurons,” and 

also increases sensitivity to acute anorexigenic stimuli (Mutch and Clement, 2006; 

Woods and D'Alessio, 2008).  When a person loses/gains adipose tissue, the less/more 

sensitive they are to anorexigenic stimuli and the greater/lesser their increase in appetite 

(Seeley and Woods, 2003).  Therefore, leptin and insulin are important contributors to 

energy-seeking behavior and neural response to acute stimuli given adiposity (Woods and 

D’Alessio, 2008). 

 Acute afferent signals come from a variety of satiety hormones, secreted by 

specialized cells of the gastrointestinal tract or brain during digestion.  Ghrelin is the only 

acute gut orexigen, with levels rising in anticipation of feeding and during fasting 

(Drazen et al., 2006).  Endocannabinoids are synthesized ubiquitously, but especially in 

the brain in response to palatable food or pleasant sensations.  After binding CB1 

receptors on “satiety neurons”, endocannabinoids diminish anorexigenic singaling and 

allow eating despite homeostatic cessation signals (Korner et al., 2009).  A common 

satiety hormone is cholecystokinin (CCK), which is secreted in the duodenum in the 

presence of fat- or protein-containing food.  CCK peripherally regulates gut motility, 

gallbladder contractions, pancreatic secretion, and gastric emptying.  Simultaneously, 

CCK binds its receptor on local branches of the vagus nerve (Xu et al., 2009; Zabielski, 

2003).  The result of the CCK neural message is the cessation of feeding through a 

feeling of fullness.  Furthermore, inhibition of CCK action causes increased levels of 

ghrelin and decreased levels of peptide tyrosine-tyrosine (PYY), suggesting that there is 
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significant interaction among acute satiety hormones (Degen et al., 2007).  PYY is 

produced in the distal ileum and colon in proportion to consumed caloric load, but seems 

especially induced by fat.  Unlike CCK, PYY is a satiety hormone that accomplishes its 

action by binding directly to receptors in the hypothalamus.  The net effect of PYY is a 

reduction in food intake, as well as reduction in gastric motility (Batterham and Bloom, 

2003; Woods and D'Alessio, 2008).  Metabolites like glucose, long-chain fatty acids, and 

certain amino acids are afferent signals, as they cross the blood-brain barrier and sensitize 

hypothalamic neurons (Le Foll et al., 2009; Magni et al., 2009). 

 Efferent signals of energy homeostasis begin in the arcuate nucleus of the 

hypothalamus.  Hypothalamic “hunger” and “satiety” networks project to the 

paraventricular nucleus, characterized by anorexigenic neurons, and the lateral 

hypothalamic area, characterized by orexigenic neurons.  This allows the hypothalamus 

fine-tuned control over neural response to afferent signals, enhancing activity in one area 

while also inhibiting activity in another.  The hypothalamic networks also project into 

tracts directly responsible for autonomic nervous activity, as well as those responsible for 

cognition, reward, and behavior (Woods and D’Alessio, 2008).  At all times, efferent 

signals are modulated by the efficiency of neurotransmitters such as serotonin, which also 

has central orexigenic effects (Aronne and Thornton-Jones, 2009; Magni et al., 2009). 

 Obesity as a metabolic disease.  There is an obvious connection between the 

neurobiology of energy homeostasis and metabolism.  Efferent signals from the CNS are 

informed by the state of adipose tissue, environment, and the contents of the digestive 

tract.  This allows the CNS to adjust autonomic nervous activity, so that for example, the 

proper amount of digestive enzymes, insulin, and glucagon is secreted by the pancreas.  
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Digestive enzymes reduce polysaccharides, fats, and polypeptides to their base units 

(monosaccharides, fatty acids, and amino acids) before they and their side products are 

shunted into the major catabolic pathways:  glycolysis, the citric acid cycle, and the 

electron transport chain.  The majority of metabolic energy is derived from the electron 

transport chain, when products of glycolysis and the citric acid cycle ultimately donate 

their electrons to an oxygen molecule, driving protons across the inner mitochondrial 

membrane.  Subsequently, the proton gradient promotes diffusion of positive charge back 

through active ATP synthase, producing ATP (Lehniger et al., 2004).  Hormones like 

insulin, leptin, and glucagon are external influences on the efficiency of these metabolic 

pathways, thus allowing environmental adaptation.  For instance, insulin release during 

feeding results in cellular glucose uptake, glycogen synthesis, glycolysis, and fatty acid 

synthesis.  Insulin accomplishes the preceding via mobilization of glucose transporter 4 

(GLUT4), relevant transcription factors (such as c-fos and c-jun), and cytokine cascades 

(Javor et al., 2005; Klip, 2009).  Leptin acts synergistically with insulin by similar 

mechanisms, while glucagon (secreted during fasting) has the opposite functional impact 

(Javor et al., 2005; J. C. Tan and Rabkin, 2005).  Cellular metabolic pathways produce 

energy using nearly every digested component, and contain many intermediary molecular 

entities. 

 Another area in which genetic variation may alter metabolism and contribute to 

obesity is generation of body heat, which accounts for a majority of basal caloric 

expenditure.  The maintenance of homeothermy is mediated by sympathetic nervous tone 

and thyroid hormone’s actions in the mitochondria.  The Quebec Twin Overfeeding 

Study demonstrated the importance of homeothermy.  In this study, 12 pairs of male MZ 
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twins were overfed by 1000 kilocalories (with exercise held constant) 6 days per week for 

3 months.  Surprisingly, there were differences in the amount of weight gain between 

twins, some subjects gaining the predicted amount of weight and others dissipating up to 

60% of the caloric energy.  However, there was significantly more variation in weight 

gain among twins than between twins, highlighting a genetic component to basal caloric 

expenditure (Bouchard, 1990; Landsberg et al., 2009).  Meanwhile, adaptive change in 

body heat is accomplished by adjustment of sympathetic nervous activity and uncoupling 

proteins (UCPs).  UCPs are integral mitochondrial membrane proteins that siphon protein 

flow from ATP synthase in order to dissipate metabolic energy as heat.  UCPs are the 

defining feature of brown adipose tissue, but are inconsequential in white adipose tissue.  

Thought to diminish past infancy in humans, brown adipocytes have now been found 

within white adipose tissue depots at a low concentration (Landsberg et al., 2009). 

 Adipogenesis.  The adipocyte is an endocrine, vacuole-like cell resulting from 

cellular differentiation induced by metabolic necessity.  Insulin, cortisol, and lipid-

derived metabolites are believed to be the initiators of adipogenesis (Bernlohr et al., 

1985; W. A. Scott et al., 1982).  Key transcription factors drive adipogenesis; namely, 

peroxisome proliferator activated receptor gamma (PPARϒ) for white adipocytes and 

PPAR� coactivator 1 (PGC-1α) for brown adipocytes.  The most important physiologic 

role of subcutaneous white adipocytes is the non-toxic storage of circulating lipids 

(Rosen and Spiegelman, 2006).  In performance of this role, white adipocytes uptake 

fatty acids and temporarily store them as triglycerides during positive metabolic balance.  

Normally, existing adipocytes will signal for adipogenesis when they have stored a 

predetermined amount of lipid.  However, if the metabolic load of lipid is extreme then 
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adipocytes will hypertrophy, often to the detriment of normal cell function (Bays et al., 

2008; de Ferranti and Mozaffarian, 2008).  Brown adipocytes differ from white 

adipocytes in that they are smaller and function in thermic energy expenditure 

(Landsberg et al., 2009; Redinger, 2009). 

 There is evidence that the three energy homeostasis systems are disrupted in the 

obese.  Therefore, genetic variants underlying complex obesity should have some relation 

to these systems.  One primary example is leptin and insulin resistance, which is 

universally observed in obese individuals.  As expected, levels of leptin and insulin are 

increased in the obese, but this does not have the necessary functional impacts.  In terms 

of neurobiology, the increased leptin and insulin do not efficiently cross the blood-brain 

barrier or produce anorexigenic stimuli (Banks, 2008).  Further compounding the 

reduction in tonic satiety signaling is that some acute satiety hormones, such as PYY, are 

present at lower levels in response to feeding initiation in the obese (Woods and 

D’Alessio, 2008; Neary and Batterham, 2009).  Sympathetic efferent tone is also 

increased in some obese individuals despite insulin’s actions, contributing to both higher 

glucose circulation and hypertension (Agapitov et al., 2008).  In terms of metabolism, the 

large amount of insulin produced is not sufficient to achieve a full cellular response, 

potentially due to defects in cytokine signaling and pancreatic synthesis (Bergman et al., 

2002).  Metabolism is further disrupted since the obese have lower amounts of brown 

adipose tissue compared to lean individuals, thus attenuating dissipation of caloric energy 

(Cypess et al., 2009; Oberkofler et al., 1997; Redinger, 2009).  In terms of adipogenesis, 

the increased levels of insulin do not maintain adipocyte turnover so that excessive 

hypertrophy does not occur.  In fact, the observation of adipocytes swollen to the extent 
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of cellular stress and hypoxia is a hallmark of obesity (Bays et al., 2008; Giorgino et al., 

2005).  

“Adiposopathy”.  Positional cloning of the genetic variants underlying complex 

obesity can also uncover those with roles in obesity pathogenesis, as exemplified by 

obesity’s relationship with T2DM.  Abdominal adiposity is the most pathogenic form of 

fat, causing a greater risk of obesity comorbidity than adiposity in other locations 

(Phillips and Prins, 2008; Vague, 1956).  Within the abdominal depot, subcutaneous 

adipose tissue (SAT) is located just beneath the skin and constitutes the majority of white 

adipocytes.  There is evidence that SAT is somewhat protective from disease, since its 

deposition does not correlate with risk factors in the obese, and it reduces circulating 

triglycerides (Porter et al., 2009).  Also within abdominal adipose tissue, increased 

visceral adipose tissue (VAT) surrounding and applying pressure to internal organs is 

thought to be responsible for increased disease risk (Despres, 2006; Henkin et al., 2003; 

Kahn et al., 2006).  For instance, in one study among MZ twins discordant for obesity, 

only those that differed significantly in terms of VAT had major differences in glucose 

tolerance or insulin sensitivity (Pouliot et al., 1992).  Visceral adipocyte deposits are 

present only during positive metabolic balance and are positioned so that secretions drain 

into the portal circulation.  This allows visceral adipocytes to have a large effect on 

energy and glucose homeostasis, and they are also known to have more secretions than 

adipocytes elsewhere.  Only 10-15% of glucose disposal is performed by adipocytes, the 

majority of which is done by VAT due to increased insulin sensitivity.  Visceral 

adipocyte role in systemic glucose homeostasis is therefore due to its secretions, which 
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include adipokines and non-esterified fatty acids (NEFAs) (Giorgino et al., 2005; Kahn et 

al., 2006; Perrini et al., 2008; Rosen and Spiegelman, 2006). 

 An adipokine is a hormone or cytokine synthesized and secreted almost 

exclusively by adipose tissue.  Aside from leptin, one of the best studied visceral 

adipokines is adiponectin, which is secreted in inverse proportion to adiposity level.  

Gene expression and circulation of adiponectin is reduced in obese individuals, which has 

led to its emergence as a predictor of T2DM and CVD (Arita et al., 1999; Fu et al., 2005).  

Adiponectin’s main mechanism of action is through activation of adenosine mono-

phosphate-activated protein kinase (AMPK) after binding its adipoR1 or adipoR2 

receptors.  Through AMPK, adiponectin improves insulin sensitivity, increases 

adipogenesis through elevation of PPARϒ, promotes fatty acid oxidation, and reduces 

inflammation (Fu et al., 2005; Kahn et al., 2006).  The VAT hormone visfatin is similar 

in causing insulin sensitization; however, it accomplishes this through binding of the 

insulin receptor and is secreted in proportion to adiposity levels.  Inflammatory 

adipokines, such as monocyte chemotactic protein-1 (MCP-1), interleukin 6 (IL-6), or 

tumor necrosis factor alpha (TNF-α) are secreted in direct proportion to adiposity level.  

MCP-1 mediates monocyte infiltration of VAT prior to their maturation into 

macrophages, which is a signature characteristic of the depot.  Once macrophages have 

infiltrated VAT, they and nearby adipocytes circulate IL-6 and TNF-α.  These cytokines 

reduce circulating adiponectin and insulin sensitivity through induction of the nuclear 

factor-κB (NF-κB) gene program, inhibition of GLUT4 mobilization, and induction of 

feedback mechanisms like suppressor of cytokine signaling 3 (SOCS3) (Giorgino et al., 

2005; Rosen and Spiegelman, 2006). 
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 NEFAs, secreted in excess by visceral adipocytes due to increased lipolysis and 

insensitivity to anti-lipolytic stimuli, can have large effects throughout the body (Despres 

and Lemieux, 2006; Kahn et al., 2006; Perrini et al., 2008).  However, because visceral 

adiposity-derived NEFAs circulate at low amounts systematically, they only have 

immediate relevance in the liver and pancreas (Nielson et al., 2004; Phillips and Prins, 

2008).  Temporary exposure to NEFAs serves as an insulin sensitizer, but chronic 

exposure to NEFAs results in metabolic dysfunction in the liver and pancreas (Rosen and 

Spiegelman, 2006).  NEFAs can induce insulin resistance within hours of an acute 

increase in circulation, the action of insulin improving only after the NEFAs are cleared 

(Roden et al., 1996; Santomauro et al., 1999).  Insulin resistance is induced through 

NEFA competition with glucose as a metabolic substrate, which persists despite 

homeostatic control mechanisms.  Insulin resistance is also induced due to accumulation 

of NEFA metabolites, such as diacylglycerol, ceramide, and fatty acyl CoA, which can 

lead to activation of cytokine signaling that eventually inhibits IRS-1 and IRS-2 or causes 

apoptosis.  Reactive oxygen species, brought on by constant NEFA oxidation in the 

mitochondria, contribute to insulin resistance and general cellular damage.  Finally, 

NEFAs can activate innate immunity through the Toll-like Receptor 4, triggering 

upregulation of NF-κB and other inflammatory responses (Kahn et al., 2006; Shi et al., 

2006; Phillips and Prins, 2008).  In the pancreas, exposure to NEFAs does affect insulin 

secretion, but the manner in which β-cell compensation failure is induced is not fully 

understood.  For instance, NEFAs bind the GPR40 on the cell surface, which initially 

promotes insulin granule exocytosis (Itoh et al., 2003).  However, a constant, four-day 

infusion of NEFAs in rats causes hypertrophy of β-cells without any improvement in 
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insulin response (Steil et al., 2001).  This corroborates the 50% enlargement of β-cells 

and increased cell death in humans, and may suggest a mechanism of physiologic 

interference (Kahn et al., 2006; Kloppel and Maillet, 1995). 

Project Objective 

 According to the National Health and Nutrition Examination Survey (NHANES) 

conducted in 2003-2004, about 31% of European American adults are obese and 4% are 

morbidly obese.  In African Americans, the corresponding rates (45% and 11%, 

respectively) are even more disconcerting.  Environmental and lifestyle factors may 

explain some but not all of the race disparity in disease prevalence.  In this study, we 

hypothesize that genetic factors may lead to the higher susceptibility of obesity in African 

Americans.  Defining genes that affect obesity in this population may identify novel 

pathways for regulation of adiposity, which contributes strongly to many common 

diseases including type 2 diabetes, cardiovascular disease, and hypertension.   

 Recently, larger scale GWAS, meta-analysis and replication studies involving 

totals of 10,000 to 90,000 samples revealed greater than 50 adiposity loci reaching 

genome-wide significance at P < 5x10-8.  These loci are located at or near the genes 

ADCY3, ADCY9, ARID1B, BCDIN3D/FAIM2, BDNF, BTNL2, CADM2, CPEB4, 

CTNNBL1, DNM3/PIGC, ETV5, FANCL, FLJ35779, FTO, GNPDA2, GPRC5B/IQCK, 

GRB14, HNF4G, HOXC13, IL10RB, ITPR2/SSPN, LRP1B, LYPLAL1, MAF, MAP2K5, 

MC4R, MSRA, MTCH2, NEGR1, NISCH/STAB1, NPC1, NRXN3, NUDT3, PARD3B, 

PCSK1, PRL, PTBP2, PTER, QPCTL, RPL27A, RSPO3, SEC16B, SH2B1, SLC39A8, 

TBL1XR1, TBX15/WARS2, TFAP2B, TFEC, TMEM160, TMEM18, TNNI3K, VEGFA, 

ZEB1, and ZNRF3/KREMEN1 (Heard-Costa et al., 2009; Speliotes et al., 2010; 
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Thorleifsson et al., 2009; Willer et al., 2009).  Some of the likely causal genes are highly 

expressed in the central nervous system, including MC4R, which causes the monogenic 

form of obesity, emphasizing the role of the CNS in predisposition to obesity.  These 

studies are mainly conducted in European-derived populations with the exception of two 

studies including Indian Asians (Chambers et al., 2008) and Korean Asians (Cho et al., 

2009).  Despite the fact that many of these loci replicate across studies at genome-wide 

significance, such as those from the GIANT consortium (Willer et al., 2009) and 

deCODE (Thorleifsson et al., 2009), some loci such as NPC1, MAF, and PTER have been 

replicated in a single study only (Meyre et al., 2009).  This suggests that it is important to 

investigate whether these European adiposity loci confer risk in African Americans or 

whether novel variants within these loci can be identified.   

 The global objective of the work comprising this thesis was to examine the 

influence of adiposity loci recently identified in Europeans in multiple African American 

populations to elucidate the genetic differences between these two ethnicities.  We 

hypothesized that there are shared genetic factors contributing to the modulation of 

obesity between these two populations.  The work presented here encompasses several 

projects, each with the goal of exploring different elements of this overarching 

hypothesis.  Specific objectives were: 

Project 1:  to examine the influence of SNPs at adiposity loci recently identified in 

GWAS of European-derived populations on BMI in multiple African American 

populations, 
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Project 2:  to determine if exonic variants located within the coding regions of 

these established adiposity loci have a greater effect on BMI modulation in 

African Americans than common variants, 

Project 3:  to assess the role of both index and exonic variants previously 

examined on additional measures of adiposity in African Americans, 

Project 4:  to comprehensively investigate the GALNT10 gene, a novel adiposity 

locus, and its role in modulation of adiposity in African Americans. 

One primary focus of each project was the role of ethnicity in obesity.  There is 

ethnic disparity in obesity prevalence, particularly between European- and African-

derived populations.  Projects (1) through (4) were hypothesis-driven as only variants in 

genes with a priori association with obesity in European populations were examined for 

association in African Americans.   
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ABSTRACT 
 

Recent genome-wide association studies (GWAS) have identified multiple novel 

loci associated with adiposity in European-derived study populations.  Limited study of 

these loci has been reported in African Americans.  Here we examined the effects of 

these previously identified adiposity loci in African Americans.  A total of 99 

representative single-nucleotide polymorphisms (SNPs) in 54 loci that were previously 

reported in GWAS in Europeans (including FTO and MC4R) were genotyped in 4992 

subjects from six African-American cohorts.  These SNPs were tested for association 

with body mass index (BMI) after adjustment for age, gender, disease status, and 

population structure in each cohort.  Meta-analysis was conducted to combine the results.  

Meta-analysis of 4992 subjects revealed twelve SNPs near eight loci, including NEGR1, 

SEC16B, TMEM18, NISCH/STAB1, SH2B1/ATP2A1, FTO, MC4R, and QPTCL, showing 

significant association at 0.005 < P < 0.05, and had effect sizes between 0.04 and 0.19 

s.d. units (or 0.30 to 1.43 kg/m2) of BMI for each copy of the BMI-increasing allele.  The 

most significantly associated SNPs (rs9424977, rs3101336 and rs2568958) are located in 

the NEGR1 gene (P = 0.005, 0.020, and 0.019, respectively).  We replicated the 

association of variants at eight loci in six African-American cohorts that demonstrated a 

consistent direction of association with previous studies of adiposity in Europeans.  Some 

of these loci are highly expressed in the brain, consistent with an important role for 

central nervous system processes in weight regulation.  However, further comprehensive 

examination of these regions may be necessary to fine map and elucidate for possible 

genetic differences between these two populations. 
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INTRODUCTION 
 

Obesity is a major public health problem leading to increased mortality and 

comorbidities such as type 2 diabetes (T2D), metabolic syndrome, coronary heart disease, 

stroke, cancers, liver and gallbladder disease, sleep disorders, and osteoarthritis (Guh et 

al., 2009).  The World Health Organization (WHO) defines overweight, obese and 

morbid obese in adults as body mass index (BMI) between 25 to 30 kg/m2, 30 to 40 

kg/m2 and over 40 kg/m2, respectively.  The prevalence of obesity in both adults and 

adolescents has been increasing in the past decades in the United States.  In fact, obesity 

incidence has doubled in adults aged 20 years or older from 1980-2002 (Flegal et al., 

2010; Flegal et al., 2002).  

Marked racial and gender differences in the prevalence of obesity have been 

observed. In the National Health and Nutrition Examination Survey (NHANES) 

conducted in 2003-2004, 31% of European Americans adults were obese and 4% were 

morbidly obese. The corresponding figures in African Americans were even more 

alarming (45% and 11%, respectively), with higher prevalence of obesity in black women 

(54%) than in black men (34%) (Ogden et al., 2006).  

The increasing prevalence of obesity is contributed by the excessive caloric intake 

and diminished physical activity in the modern environment.  However, genetic factors 

modulate the impact of the affluent environment on each individual.  Considerable 

evidence from familial segregation and twin studies suggest that there is a significant 

genetic contribution to adiposity (Loos and Bouchard, 2003).  Heritability estimates for 

BMI have been reported between 60-90% in African Americans (Duncan et al., 2009; 

Nelson et al., 2002; Sale et al., 2005). 
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 Recently, large-scale genome-wide association studies (GWAS) and meta-

analyses in Europeans have revealed over 50 novel adiposity loci associated with BMI, 

waist circumference and/or waist-hip-ratio.  The strongest adiposity locus identified to 

date is FTO (Dina et al., 2007; Frayling et al., 2007; Hinney et al., 2007; Scuteri et al., 

2007).  Additional loci were subsequently identified to be located at or near the genes  

ADCY3, ADCY9, ARID1B, BCDIN3D/FAIM2, BDNF, BTNL2, CADM2, CPEB4, 

CTNNBL1, DNM3/PIGC, ETV5, FANCL, FLJ35779, FTO, GNPDA2, GPRC5B/IQCK, 

GRB14, HNF4G, HOXC13, IL10RB, ITPR2/SSPN, LRP1B, LYPLAL1, MAF, MAP2K5, 

MC4R, MSRA, MTCH2, NEGR1, NISCH/STAB1, NPC1, NRXN3, NUDT3, PARD3B, 

PCSK1, PRL, PTBP2, PTER, QPCTL, RPL27A, RSPO3, SEC16B, SH2B1, SLC39A8, 

TBL1XR1, TBX15/WARS2, TFAP2B, TFEC, TMEM160, TMEM18, TNNI3K, VEGFA, 

ZEB1, and ZNRF3/KREMEN1 (Benzinou et al., 2008; Chambers et al., 2008; Heard-

Costa et al., 2009; Heid et al., 2010; Lindgren et al., 2009; Loos et al., 2008; Meyre et al., 

2009; Speliotes et al., 2010; Thorleifsson et al., 2009; Willer et al., 2009).  Several of 

these loci have been confirmed in Asian populations by GWAS and replication studies 

(Cho et al., 2009; Ng et al., 2008; J. T. Tan et al., 2008).  Replication studies in African 

Americans have revealed inconsistent evidence of association of MC4R (Grant et al., 

2009; Kang et al., 2010) and FTO (Bollepalli et al., 2010; Grant et al., 2008; Hassanein et 

al., 2010; Wing et al., 2009) with adiposity measures and limited data is available for 

other loci.  In the present study, we examined the influence of SNPs at loci recently 

identified in GWAS on adiposity in multiple African American populations. 

 

 



 40

RESEARCH DESIGN AND METHODS 

Subjects 

Six African American cohorts were used in the present study.  Cohorts 1 and 2 

were derived from a type 2 diabetic nephropathy GWAS.  The community non-diabetic 

cohort (cohort 1) consisted of 816 subjects who reported no history of diabetes were 

recruited from the community and internal medicine clinics at Wake Forest University 

School of Medicine (WFU).  Cohort 2 consisted of 899 subjects with type 2 diabetes and 

end stage renal disease (T2DM-ESRD) recruited from dialysis facilities in the 

southeastern U.S. (Freedman et al., 2009).  An additional community non-diabetic cohort 

(cohort 3) including 621 subjects (616 unrelated subjects and 5 related subjects from two 

nuclear families) who reported no history of diabetes was recruited from the community 

and internal medicine clinics similar to that of cohort 1.  A second diabetic cohort (cohort 

4) consisting of 891 subjects with T2DM and 617 subjects with T2DM-ESRD (1005 

unrelated subjects and 503 related subjects from 178 nuclear families) was recruited from 

the community, churches, health fairs, medical clinics and dialysis facilities. The 

Diabetes Heart Studies cohort (cohort 5) consisted of subjects recruited from the 

community and internal medicine clinics in two studies that examine the subclinical 

cardiovascular risk in type 2 diabetes.  A subset of 211 unrelated subjects from the 

African American-Diabetes Heart Study (Divers et al., 2010) and 81 subjects from the 

family-based Diabetes Heart Study (Bowden et al., 2006) were included in this study.  

All subjects from cohorts 1 to 5 were recruited in North Carolina, South Carolina, 

Georgia, Tennessee, or Virginia.  The Insulin Resistance Atherosclerosis (IRAS) Studies 

cohort (cohort 6) consisted of subjects recruited from two multi-center community-based 
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cohort studies, the IRAS Study (Henkin et al., 2003), and the IRAS Family Study 

(Wagenknecht et al., 1995), designed to examine the epidemiology and genetics of 

glucose homeostasis traits, respectively.  Included are 575 related subjects from 42 

families of the IRAS Family Study recruited from Los Angeles, CA and 278 unrelated 

subjects from the IRAS study recruited from Los Angeles and Oakland, CA.  

The clinical characteristics of all cohorts are summarized in Table 1. Informed 

consent was obtained from all study participants. Recruitment and sample collection 

procedures for cohorts 1 to 5 and cohort 6 were approved by the Institutional Review 

Boards at WFU and the local institutions, respectively.  

 

Clinical studies 

Height and weight was measured in all study subjects.  Body mass index (BMI) is 

calculated as weight divided by square of height.  BMI ≥30 kg/m2 is considered obese.  

Genomic DNA was extracted from blood samples using the PureGene system (Gentra 

Systems, Minneapolis, MN).   

 

Genotyping and quality control  

A total of 99 SNPs at 54 novel adiposity loci identified through recent GWAS in 

Europeans were selected for replication in our African American cohorts.  Selection 

criteria included key SNPs that reached genome-wide significance (P<5x10-8) and nearby 

reported SNPs showing nominal association in these previous studies (Benzinou et al., 

2008; Chambers et al., 2008; Heard-Costa et al., 2009; Hinney et al., 2007; Lindgren et 

al., 2009; Loos et al., 2008; Meyre et al., 2009; Speliotes et al., 2010; Thorleifsson et al., 
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2009; Willer et al., 2009).  For loci with multiple associated SNPs, the pairwise linkage 

disequilibrium D’ and r2 in HapMap Phase II Yoruba were assessed using Haploview 

(http://www.broadinstitute.org/haploview).  Cohorts 1 and 2 were genotyped at the 

Center for Inherited Disease Research (CIDR) using 1µg of genomic DNA on the 

Affymetrix Genome-wide Human SNP array 6.0.  Genotypes were called using Birdseed 

version 2, APT 1.10.0 and samples were grouped by DNA plate to determine the 

genotype cluster boundaries.  Genotyping of samples from cohorts 3 to 6 was performed 

using the iPLEX™ Sequenom MassARRAY platform (San Diego, CA).   The minimum 

and average SNP call rates for all cohorts were 95% and 98.1%, respectively.  The 

average genotype concordance rate of 45 blind duplicates was 99.8%.  All SNPs had 

Hardy-Weinberg P value ≥ 0.001 in the combined unrelated samples.  For related 

samples, genotype data identified with Mendelian inconsistency by PedCheck (v. 1.1) 

(O'Connell and Weeks, 1998) were removed.     

 

Imputation of genotypes for cohorts 1 and 2 

Imputation was performed for autosomes using MACH (version 1.0.16, 

http://www.sph.umich.edu/csg/abecasis/MaCH/) to obtain missing genotypes for cohorts 

1 and 2 that underwent GWAS.  SNPs with minor allele frequency (MAF) ≥1%, call rate 

≥95% and Hardy-Weinberg P value ≥10-4 were used for imputation.  A 1:1 mixture of the 

HapMap II release 22 (NCBI build 36) CEU:YRI consensus haplotypes 

(https://mathgen.stats.ox.ac.uk/impute/ ) were used as a reference panel.  Imputation was 

performed in two steps.  For the first step, 484 unrelated African American samples were 

randomly selected to calculate recombination and error rate estimates.  In the second step, 
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these rates were used to impute all samples across the SNPs in the entire reference 

panel.  Imputation results were filtered at an rsq threshold of ≥ 0.3 and a MAF ≥ 0.05.  

Among the 99 SNPs examined in this study, 48 SNPs were directly genotyped while 47 

SNPs were imputed with a minimum rsq of 0.48, and 5 SNPs (rs887912, rs2890652, 

rs4712652, rs4929949, and rs2287019) failed for both direct genotyping and imputation 

and were not analyzed in cohorts 1 and 2. 

 

Population structure 

To account for the effect of population structure on genetic association in these 

African American samples, Principal Components Analysis (PCA) was computed on 

cohorts 1 and 2 with GWAS data by using all SNPs that passed quality control standards 

and after exclusion of regions of high linkage disequilibrium (LD) and inversions.  The 

first principal component (PC1) explained the largest proportion of genetic variation 

(22%).  DNA samples from all cohorts, as well as 44 Yoruba Nigerians and 39 European 

Americans were genotyped for 77 ancestry informative markers (AIMs). The African to 

European ancestral proportion of each African American sample was then estimated 

using the EM algorithm implemented in the program Frequentist Estimation of individual 

ancestry proportion (FRAPPE) under a two-population model (Keene et al., 2008).  PC1 

was highly correlated with AIMs (r2 = -0.87), suggesting that PC1 largely reflected the 

ancestry proportions, and was used as a covariate for association analysis of cohorts 1 

and 2.  The mean (±SD) African ancestry proportions estimated by FRAPPE in cohorts 1 

to 6 were 0.77±0.12, 0.78±0.12, 0.77±0.12, 0.78±0.13, 0.76±0.11 and 0.69±0.14, 

respectively. 
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Statistical analyses  

Data are presented as mean ± SD or percentage, as appropriate.  BMI was natural 

logarithmically transformed to best approximate conditional normality and homogeneity 

of variance, conditional on cohort, disease status, age and gender.  To account for 

potential gender and cohort differences in the distribution of BMI, subjects were stratified 

by gender in each cohort and by disease status (ESRD in cohort 4 and T2DM in cohort 

6).  Within each strata, an individual was considered an outlier if the data was outside of 

four standard deviations.  A total of three outlier observations were removed from further 

analyses.  The data were then adjusted for age in a linear model and residuals were 

standardized to a mean of zero and variance of one (i.e., Z-score).  These Z-scores are the 

primary unit of analysis for both within individual cohorts and the meta-analyses.  

Association. For cohorts 1, 2 and 3, the associations of BMI Z-scores with SNPs were 

tested by linear regression under an additive model using the program PLINK 

(http://pngu.mgh.harvard.edu/~purcell/plink/).  For cohorts 4-6, a variance component 

measured genotype method implemented in SOLAR (Almasy and Blangero 1998, 

http://txbiomed.org/departments/genetics/) was used for association tests in order to 

account for familial relationships within each cohort.  Familial correlation was accounted 

for using a kinship coefficient matrix, in which a correlation was calculated for each set 

of related pairs. For cohorts 1 and 2, association analyses were adjusted for PC1. For 

cohorts 3 to 6, association analyses were adjusted for proportion of African ancestry.   

Meta-analysis. Association results from all six cohorts were combined using the inverse 

variance weighted method implemented in METAL 
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(http://www.sph.umich.edu/csg/abecasis/metal/).  To evaluate the potential confounding 

effect of disease, 2111 community non-diabetic subjects from cohorts 1, 3 and 6, 1516 

T2DM-ESRD subjects from cohorts 2 and 4, and 1362 T2DM subjects from cohorts 4, 5 

and 6 were separately analyzed using linear regression and variance component methods 

as appropriate.  The association results were then combined using METAL to assess the 

overall SNP association in non-diabetics, T2DM-ESRD and T2DM separately.  For loci 

showing multiple associations, conditional SNP analyses that include multiple SNPs as 

independent variables were performed using variance component method in the pooled 

samples to evaluate the independence of the association signals. 

All statistical tests were performed by PLINK or SAS v.9.1 (SAS Institute, Cary, 

NC, USA) unless specified otherwise.  Posterior study power was calculated using 

genetic power calculator (Purcell et al., 2003).  A nominal P value < 0.05 in the meta-

analysis was considered as evidence of significance.   

RESULTS 

Clinical characteristics of the study samples 

The clinical characteristics of the study samples in all six cohorts are shown in 

Table 1.  Due to the nature of sample collection, the cohorts consisted of community non-

diabetic (cohorts 1 and 3), community-based (cohort 6) or diabetic subjects (cohorts 2, 4 

and 5).  The distributions of BMI are comparable among all cohorts except for higher 

mean BMI (35.3 kg/m2) and higher prevalence of obesity (74.3%) in the Diabetes Heart 

Studies (cohort 5).  In view of the heterogeneous phenotypes among the study cohorts, 

BMI Z scores were calculated in sex- and disease-specific strata and then combined in 

each cohort separately for association analyses. 
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We either genotyped or imputed (for 47 SNPs in cohorts 1 and 2 only) 99 

representative SNPs in 54 adiposity loci reported in recent GWAS in six African 

American cohorts.  Table 2 summarizes the individual cohort and meta-analysis results of 

these SNPs for association with BMI using an inverse variance method.  From the results 

of the meta-analysis, twelve SNPs showed significant association at 0.005 < P < 0.05 

with effect sizes between 0.04 and 0.19 SD units (or 0.30 to 1.43 kg/m2) of BMI for each 

copy of effect allele.  These twelve SNPs were located at or near eight different loci 

including, NEGR1, SEC16B, TMEM18, NISCH/STAB1, SH2B1, FTO, MC4R, and 

QPCTL.  The most significantly associated SNPs (rs9424977, rs3101336, and rs2568958) 

are located on chromosome 1 near NEGR1 (0.005 < P < 0.019).  rs3101336 and 

rs2568958 are highly correlated with each other (r2 = 0.99) but moderately correlated 

with rs9424977 (r2 = 0.55) in our samples.  Conditional analysis including both 

rs9424977 and rs3101336 removed the significant associations (P = 0.175 for rs9424977 

and 0.676 for rs3101336) and suggests they represent the same association signal. Two 

SNPs located near the SEC16B gene on chromosome 1, were associated with BMI after 

meta-analysis (P = 0.017 for rs630372; P = 0.030 for rs506589).  The A and C alleles for 

rs630372 and rs506589, respectively, showed a consistent trend of increased BMI for 

most cohorts.  These SNPs are moderately correlated (r2 = 0.61) in our samples.  

Conditional analysis including rs630372 removed the significant association at rs506589 

(before conditional analysis, P = 0.03; after conditional analysis, P = 0.97) and suggests 

that they represent the same association signal.  In addition, two SNPs located near the 

MC4R gene were associated with BMI in the meta-analysis (P = 0.018 for rs477181; P = 

0.046 for rs4450508).  The G alleles of both rs477181 and rs4450508 showed a 
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consistent trend of increased BMI across most of the cohorts.  These two SNPs reside in 

the same LD block (D’ = 0.97) but are not highly correlated (r2 = 0.35) in our samples.  

Conditional analysis including rs477181 and rs4450508 removed the significant 

associations (P= 0.152 for rs477181 and 0.420 for rs4450508), again suggesting that they 

represent the same association signal.   There was no evidence of heterogeneity of the 

effect sizes of all twelve significantly associated SNPs across the six cohorts (Pheterogeneity 

> 0.05).   

  We further investigated the association of these 99 SNPs in 2111 community 

non-diabetic, 1516 T2DM-ESRD and 1362 T2DM subjects from cohorts 1 to 6 (Table 3).  

The effect sizes ranged from 0.01 to 0.12, 0.01 to 0.16, and 0.01 to 0.16 SD units, 

respectively, for the three groups.  Overall, there was no significant heterogeneity of 

effect sizes among the non-diabetic, T2DM-ESRD, and T2DM groups (Pheterogeneity  > 

0.05), except for rs9491696 in RSPO3, rs10508503 in PTER, and rs7081678 in ZEB1.   

The non-significant results for most SNPs in this subset analysis are likely to be 

attributed to reduced sample size and study power.   
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DISCUSSION 

We examined 99 SNPs in 54 loci identified in recent genome-wide association 

studies in European-derived populations for association with obesity in six African 

American cohorts.  Meta-analysis revealed twelve SNPs (rs94224977, rs3101336, 

rs2568958, rs630372, rs506589, rs2867125, rs6784615, rs7498665, rs3751812, 

rs477181, rs4450508, and rs2287019) located at or near eight loci (NEGR1, SEC16B, 

TMEM18, NISCH/STAB1, SH2B1, FTO, MC4R, and QPCTL), showing suggestive 

association with BMI (0.005 < P < 0.05) with same direction of association as in 

European-derived populations (Table 2).  Although none of the SNPs showed significant 

association across all six cohorts due to modest sample size, the consistent direction of 

association with the European data may indicate their role in the modulation of BMI 

levels in African Americans.  

The NEGR1 (neuronal growth regulator 1) gene is located on chromosome 1p31 

and is involved in the regulation of neurite outgrowth in the developing brain (Marg et 

al., 1999; Schafer et al., 2005).  In the NEGR1 region, the three most significantly 

associated SNPs from our study (rs9424977, rs3101336, and rs2568958) are located in 

the same LD block with variable correlations (D’ = 0.82 – 1, r2= 0.35 – 0.99).  In 

European-derived populations, the LD pattern of these SNPs is similar to that observed in 

our samples and the reported effect sizes are between 0.025 and 0.038 SD unit of BMI.  

The effect sizes of meta-analysis results in our African American cohorts were 

substantially larger (0.05 - 0.06 SD unit of BMI).  The direction of association is the 

same between the two populations (Table 4).     
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The SEC16B (sec 16 homolog B) gene, located on chromosome 1q25.2, is 

implicated in the organization of transitional endoplasmic reticulum sites and protein 

export (Watson et al., 2006).  Two SNPs, rs630372 and rs506589, located near SEC16B 

were associated in our study.  These SNPs are moderately correlated in our samples (r2 = 

0.61).  Reported European effect sizes for variants found in this gene are around 0.03 SD 

unit of BMI (Thorleifsson et al., 2009).  Similarly, the effect sizes for the index SNPs in 

our study were 0.05 SD unit of BMI and the same direction of effect.  

The TMEM18 (transmembrane protein 18) gene located at chromosome 2p25, has 

recently been identified as a modulator of glioma-directed stem cell migration and may 

be involved in cell movement in general (Jurvansuu et al., 2008).  The encoded protein is 

localized to the nucleus, widely expressed in fetal and adult tissues and well conserved 

among divergent species.  TMEM18 contains one associated SNP from our study, 

rs2867125.  The reported effect size in Europeans for rs2867125 is 0.061 SD unit of BMI 

(Thorleifsson et al., 2009), which is comparable to the effect size of 0.06 SD unit of BMI 

observed in our study with same direction of association. 

 The NISCH (nischarin) and the STAB1 (stabilin 1) genes located at 3p21.1 have 

been previously identified as adiposity loci in GWAS in Europeans (Heid et al., 2010).  

STAB1 plays a role in angiogenesis (Adachi and Tsujimoto, 2002), while NISCH is 

involved in insulin signaling (Sano et al., 2002).  One of the significantly associated 

SNPs in our study, rs6784615, is located between these two genes (β = 0.19 SD units of 

BMI).  In Europeans, this SNP has been shown to associate with waist-to-hip ratio 

(WHR) (Heid et al., 2010).  However, the T allele is associated with an increase in 

adiposity in both our study as well as in Europeans (Table 4).   
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The SH2B1 (Src-homology-2 (SH2) domain containing putative adaptor protein 

1) gene located at 16p11.2 has previously been shown to associate with increased serum 

leptin, total fat, waist circumference and is a strong prior candidate for regulating body 

weight (Jamshidi et al., 2007).  Our study confirms rs7498665, a nonsynonymous SNP 

(T484A), to be associated with BMI in African Americans, with larger effect size and 

same direction of association as compared to the Europeans (β = 0.06 vs. 0.036 SD unit 

of BMI, respectively) (Thorleifsson et al., 2009).   

In humans, multiple rare mutations conferring loss of function in the MC4R 

(melanocortin 4 receptor) gene are associated with hyperphagia, severe childhood obesity 

and hyperinsulinemia (Farooqi et al., 2003).  Experimental studies show that MC4R is a 

key regulator of energy balance, influencing food intake and energy expenditure through 

functionally divergent central melanocortin neuronal pathways (Balthasar et al., 2005).  

MC4R contains two SNPs that were significantly associated with BMI in our study.  

Rs477181 and rs4450508 are located in the same LD block (D’ = 0.97) at chromosome 

18q21, with effect sizes of 0.05 and 0.04 SD unit of BMI, respectively.  While the G 

allele of rs477181 was associated with BMI in both the Europeans and our African 

American samples, however the direction of association for rs4450508 differs between 

the two populations (Table 4).     

Other studies have examined the influence of MC4R in African-derived 

populations.  Grant et al. evaluated the MC4R locus in a cohort of 4688 European 

American children and 3723 African American children (Grant et al., 2009).   rs571312, 

rs10871777 and rs476828 (perfect surrogates for rs17782313, a SNP widely replicated in 

European populations) yielded odds ratios in the European American cohort of 1.137 – 
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1.145 (0.042 < P < 0.054) for obesity, but there was no significant association with these 

SNPs in the African American cohort.  However, they observed significant association 

with rs1942880 (P = 0.008) and rs12457166 (P = 0.013), which are located in the same 

LD region with rs633265 (r2 = 0.22, D’ = 0.9, P = 0.45) and rs477181 (r2 = 0.11, D’ = 1, 

P = 0.018) reported in this study.  rs17782313 shows a trend toward association with 

BMI in our study (P = 0.08), however there was significant heterogeneity in the effect 

sizes across the six cohorts (Pheterogeneity = 0.007).  Additionally, the T allele was 

associated with increased BMI in our study as opposed to the C allele reported in the 

European populations (Chambers et al., 2008), though allele frequencies are similar 

between the two populations (Table 4).  Both sample heterogeneity and the difference in 

effect allele could contribute to the lack of association for this SNP in our study.  

Recently Kang et al. reported a GWA study and follow-up analysis of anthropometric 

traits in African-derived populations (Kang et al., 2010).  No SNPs reached a genome-

wide significance level for association with BMI.  However, rs6567160 in MC4R showed 

evidence of replication in their GWA panel (P = 0.0035).  Rs6567160 is in high LD with 

rs633265 and rs1942880 (r2 = 0.93, D’ ≈ 0.98).  In Europeans, the extent of LD block 

containing associated SNPs in the MC4R gene region is greater (18kb) compared to that 

observed in African Americans (13kb).  Therefore, the causal variant(s) may be in high 

LD in European-derived, but not in African-derived populations due to differences in LD 

structure.  This feature of African-derived genomes may facilitate identification of the 

true risk variant. We have recently used such an approach to strongly implicate a single 

SNP as the risk variant in the TCF7L2 diabetes gene (Palmer et al., 2011).  
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The QPCTL (glutaminyl-peptide cyclotransferase-like) gene is located at 

19q13.32.  Index SNP rs2287019 located near QPCTL was associated with BMI our 

study.  This SNP is in high LD with variants in the GIPR gene, which have previously 

been shown to associate with beta cell function (Saxena et al., 2010).  The reported effect 

size for rs2287019 is 0.15 SD unit of BMI (Speliotes et al., 2010), which is substantially 

larger than the effect size observed in our study of 0.09 SD unit of BMI.  However, this 

SNP is not considered replicated as the risk allele was in opposite direction of effect 

between Europeans and the African American in our study, though the allele frequencies 

are somewhat similar (Table 4). 

In European-derived populations, one of the earliest and by far the strongest 

adiposity genes identified by GWAS is FTO (Frayling et al., 2007).  Additional GWAS 

and replication studies on adiposity, childhood and adult obesity, confirmed the 

association of FTO with adiposity and obesity in Europeans (Dina et al., 2007; Scuteri et 

al., 2007; Thorleifsson et al., 2009; Willer et al., 2009), as well as in Asians (Cho et al., 

2009; Hotta et al., 2008; J. T. Tan et al., 2008).  However, recent studies in African 

Americans have revealed inconclusive results (Bollepalli et al., 2010; Grant et al., 2008; 

Hassanein et al., 2010; Scuteri et al., 2007; Wing et al., 2009).  FTO is a relatively large 

gene, approximately 430 kilobases (kb) in length, containing 9 exons.  Association 

studies have focused primarily on intron 1, around 47kb in length, where it is believed the 

causal variant resides.  As may be expected, the LD structure of FTO differs between 

European- and African-derived populations, with a greater number of regions of high LD 

and larger LD blocks observed in individuals of European descent compared to 

individuals of African descent.  Three SNPs in particular (rs3751812, rs8050136, and 
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rs9939609) have been widely studied in Europeans and included in many replication 

studies in other populations, including African Americans.  These SNPs reside in the 

same LD block (r2 = 0.60, HapMap YRI), located within intron 1 of FTO.  However, the 

inconclusive findings in African Americans do not point to a definitive risk variant in this 

population. 

Despite some success in recent replication efforts involving FTO, there is only 

modest evidence for association with BMI in the African American populations from our 

study.  We genotyped 13 index SNPs located across the intron 1 region of FTO.  We 

were only able to replicate association at one of these SNPs (rs3751812, P=0.025, r2 with 

rs3751812, rs8050136, and rs9939609 range from 0.97 to 1 in CEU and 0.79 to 0.82 in 

YRI), though the direction of association was consistent with previous studies in 

Europeans (Table 4).   

The largely negative results for replication of European-derived index SNPs in 

our African American samples may partly be due to a lack of study power.  The reported 

effect size for the A allele of rs8050136 in Europeans is 0.08 SD unit of BMI 

(Thorleifsson et al., 2009), and given the respective allele frequency of 0.45 in our 

African American samples, we would have 98% power to detect association at α level of 

0.05 under an additive model.  However, given our sample size, allele frequency and the 

effect size in our study of 0.03 SD unit of BMI for rs8050136, we had only 32% power to 

detect association at α level of 0.05.  On the other hand, our strongest association 

observed was for rs9424977 at NEGR1 (P = 0.005 in the meta-analysis, Table 2).  The 

effect size of this SNP in our samples is 0.06 SD unit of BMI, and given the BMI-

increasing allele frequency of 0.46, we had an estimated 85% power to detect association 
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at α level of 0.05.  In general, we have good power (≥80%) to detect an effect size of 0.06 

SD unit of BMI with an allele frequency of at least 0.40 at α level of 0.05.  However, 

after correction for multiple testing, we would need more than 10,000 samples to have 

comparable power. Given the prior association of these SNPs in European studies, we 

primarily presented significance levels without multiple comparisons to enhance study 

power. Our findings may reflect both allelic and locus heterogeneity in African 

Americans as compared to the European-derived populations.  Larger sample sizes and 

thorough examination of these loci will be required to determine their effects in African 

Americans.      

While we were able to replicate moderate association with BMI at eight loci in 

our study, some of the discrepant findings between our study and those performed in 

European populations could be due to several factors.  1) The study power of our samples 

may be limited.  There are a substantial number of associated SNPs that showed large 

differences in allele frequencies between the ancestral HapMap European (CEU) and 

African (YRI) populations (Table 4).  Some of the SNPs, such as those in SLC39A8, 

PRL, MSRA, PTER, ZEB1, BDNF, PCSK1, SH2B1 and MC4R are or nearly are 

monomorphic in the YRI population, which will have little, if any, power to be detected.  

2) Allelic heterogeneity and different LD patterns such that there may be different causal 

variants or that different set of SNPs tagging the same causal variant(s) in Europeans 

versus African Americans.  3) Locus heterogeneity in which there may be novel loci 

affecting adiposity in African Americans.  4) Complex and/or differential gene-gene and 

gene-environment interaction that modify the genetic risk of the individual locus. 
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In order to increase sample size and study power, we used both healthy subjects 

and subjects with T2DM or T2DM-ESRD.   Since obesity is a risk factor of diabetes, it is 

unclear if the presence of T2DM or ESRD will in turn influence the genetic effect on 

adiposity measures.  Some of the prior studies on adiposity have used patients with 

various metabolic diseases (e.g. type 2 diabetes, coronary artery disease, hypertension) as 

part of the gene discovery cohorts to increase study power and did not show strong 

heterogeneity of effect size between the healthy subjects and the patients (Thorleifsson et 

al., 2009; Willer et al., 2009).  In the present study, the effect sizes were comparable in 

non-diabetic, T2DM-ESRD and T2DM subjects in the meta-analysis, suggesting that the 

presence of disease has minimal effect on the genetic associations (Table 3). 

Studies in other ethnicities, particularly African-derived populations, are 

potentially valuable as they may help to fine map the signals of association and because 

additional variants present at high frequency in African-derived populations may be 

absent or rare in European samples (Cooper et al., 2008).  Additionally, it is not clear 

whether associations found in the European samples can be consistently replicated in the 

samples of predominantly recent African ancestry:  genetic, environmental or phenotypic 

heterogeneity, gene by environment interactions, or different recombination histories 

between populations could all contribute to a lack of replication in African-derived 

populations.  Along with differences in the prevalence of obesity between African 

American and European-derived populations, there are also ethnic differences in 

metabolic risk factors (Cossrow and Falkner, 2004). African Americans have different 

distribution of fat, with lower amounts of visceral fat compared to the non-Hispanic 

whites (Bacha et al., 2003).   
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In summary, we replicated association of twelve key SNPs at eight loci (NEGR1, 

SEC16B, TMEM18, NISCH/STAB1, SH2B1, FTO, MC4R, and QPCTL) in six African 

American cohorts that demonstrated consistent association with previous studies of 

adiposity in Europeans.  Some of these loci are highly expressed in the brain (and several 

especially in the hypothalamus), consistent with an important role for central nervous 

system processes in weight regulation.  However, further comprehensive examination of 

these regions may be necessary to confirm our findings and elucidate for possible genetic 

differences in different populations.   
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CHAPTER 3 

 
IMPLICATION OF EXONIC VARIANTS FROM EUROPEAN-DERIVED 

ADIPOSITY LOCI FOR BODY MASS INDEX ASSOCIATION IN AFRICAN 

AMERICANS 
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INTRODUCTION 
 
 Genome-wide association studies have been very successful in identifying 

common genetic variations associated with numerous complex diseases (Hindorff et al., 

2009).  However, most of the identified common genetic variants confer only modest risk 

and few causal alleles have been identified (Manolio et al., 2009).  Furthermore, these 

associations account for a small proportion of the total heritability of inherited disease 

variation (Hindorff et al., 2009).  This has led to the reexamination of the contribution of 

environment, gene-gene and gene-environment interactions, and other forms of genetic 

variants, including rare variants, in complex diseases (Dickson et al.; Hindorff et al., 

2009; McClellan and King).  There is strong evidence that rare variants play an important 

role in complex disease etiology and may have larger genetic effects than common 

variants (Manolio et al., 2009).  Based on published results, there is a clear difference in 

the distribution of the odds ratios (ORs) for common and rare variants (Bodmer and 

Bonilla, 2008).  Only a few common disease-associated variants have ORs greater than 

two, and the majority currently falls between 1.1 and 1.4.  On the other hand, most 

identified rare variants to date have an OR greater than 2.0, and the mean OR is 3.74 

(Asimit and Zeggini), given the lack of power to detect small effect size for rare variants.   

The identification of rare variants may facilitate in pinpointing causality.  It can 

be more difficult to attribute causality to the majority of loci identified through GWAS 

studies, as high linkage disequilibrium (LD) makes it difficult to use association mapping 

to determine exactly which of the associated variants is functionally relevant.  In 

addition, when (common or rare) SNPs map to genomic regions that do not have a clear 

role, elucidating their effects can become especially challenging (Asimit and Zeggini).  
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This may be simplified by searching for disease-associated rare variants in known 

functional genomic regions.  In addition, it may be simpler to at least infer causality at a 

locus that contains both common and rare disease-associated variants. 

The frequency of any single rare or low-frequency variant is low (<5%), but 

collectively the number of rare variants makes them quite common.  According to the 

multiple rare variant (MRV) hypothesis, there are many large effect rare variants in the 

population and each case of a common inherited disease is due to the summation of the 

effects of a few of these moderate to high penetrance rare variants (Bodmer and Bonilla, 

2008).  Alternatively, the common disease common variant (CDCV) hypothesis asserts 

that the genetic risk of a common complex disease is mostly due to a small number of 

high-frequency variants with moderately small effects; requiring many to explain the 

observed genetic variance (Pritchard and Cox, 2002).  The most likely scenario is that a 

combination of both common and rare variants contributes to disease risk. 

Genome-wide association studies have successfully identified nearly 100 common 

variants associated with adiposity in multiple populations.  However, common genetic 

variants confer only small effect and few causal alleles have been identified.   

Furthermore, these associations account for only a small portion (~2.5%) of the total 

variance of BMI (Speliotes et al., 2010).  There is potential utility in exploring the impact 

of rare variants that may have stronger effects in the respective genes.  There have been 

recent efforts focused on sequencing the protein coding regions of the human genome to 

identify variants that may be potentially functional.  Previously, we examined common 

variants at 54 novel European-derived adiposity loci for association with body mass 

index (BMI) in African Americans (Chapter 2).  In a separate study, the African 
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American BMI consortium conducted a meta-analysis of GWAS, including our study, to 

examine the association of BMI in nearly 50,000 African Americans, with a focus on 

adiposity loci identified in European populations (Monda et al., submitted).  Based on the 

results from these previous studies, six loci associated with BMI in African Americans 

were examined for 50 exonic variants selected from the Exome Sequence Project (ESP) 

database and from the Type 2 Diabetes Genetic Exploration by Next-generation 

sequencing in multiEthnic Samples (T2D-GENES) exome sequencing project.  These 

SNPs are located at NEGR1, SEC16B, TMEM18, BDNF, FTO, and MC4R.  This study 

examined the effect of these rare, exonic variants and their relative impact on BMI 

association as compared to the common variants. 

RESEARCH DESIGN AND METHODS 

Subjects 

Six African American cohorts were used in the present study.  Cohorts 1 and 2 

were derived from a type 2 diabetic nephropathy GWAS.  The community non-diabetic 

cohort (cohort 1) consisted of 816 subjects who reported no history of diabetes were 

recruited from the community and internal medicine clinics at Wake Forest University 

School of Medicine (WFU).  Cohort 2 consisted of 899 subjects with type 2 diabetes and 

end stage renal disease (T2DM-ESRD) recruited from dialysis facilities in the 

southeastern U.S. (Freedman et al., 2009).  An additional community non-diabetic cohort 

(cohort 3) including 621 subjects (616 unrelated subjects and 5 related subjects from two 

nuclear families) who reported no history of diabetes was recruited from the community 

and internal medicine clinics similar to that of cohort 1.  A second diabetic cohort (cohort 

4) consisting of 891 subjects with T2DM and 617 subjects with T2DM-ESRD (1005 
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unrelated subjects and 503 related subjects from 178 nuclear families) was recruited from 

the community, churches, health fairs, medical clinics and dialysis facilities. The 

Diabetes Heart Studies cohort (cohort 5) consisted of subjects recruited from the 

community and internal medicine clinics in two studies that examine the subclinical 

cardiovascular risk in type 2 diabetes.  A subset of 211 unrelated subjects from the 

African American-Diabetes Heart Study (Divers et al., 2010) and 81 subjects from the 

family-based Diabetes Heart Study (Bowden et al., 2006) were included in this study.  

All subjects from cohorts 1 to 5 were recruited in North Carolina, South Carolina, 

Georgia, Tennessee, or Virginia.  The Insulin Resistance Atherosclerosis (IRAS) Studies 

cohort (cohort 6) consisted of subjects recruited from two multi-center community-based 

cohort studies, the IRAS Study (Henkin et al., 2003), and the IRAS Family Study 

(Wagenknecht et al., 1995), designed to examine the epidemiology and genetics of 

glucose homeostasis traits, respectively.  Included are 575 related subjects from 42 

families of the IRAS Family Study recruited from Los Angeles, CA and 278 unrelated 

subjects from the IRAS study recruited from Los Angeles and Oakland, CA.  

The clinical characteristics of all cohorts are summarized in Table 1. Informed 

consent was obtained from all study participants. Recruitment and sample collection 

procedures for cohorts 1 to 5 and cohort 6 were approved by the Institutional Review 

Boards at WFU and the local institutions, respectively.  

 

Clinical studies 

Height and weight was measured in all study subjects.  Body mass index (BMI) is 

calculated as weight divided by square of height.  BMI ≥30 kg/m2 is considered obese.  
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Genomic DNA was extracted from blood samples using the PureGene system (Gentra 

Systems, Minneapolis, MN).   

 

Genotyping and quality control  

A total of 50 SNPs at 6 European-derived adiposity loci were selected from the 

Exome Sequence Project (ESP) database (http://evs.gs.washington.edu/EVS/) and the 

T2D-GENES exome sequencing project.  Inclusion criteria were loci demonstrating 

nominal association with BMI in African Americans (P < 0.05) including, NEGR1, 

SEC16B, TMEM18, FTO, and MC4R (Chapter 2) and BDNF (Monda et al., submitted).  

All selected SNPs were exonic and were prioritized for rare (MAF < 0.05) in African 

Americans and putative functional SNPs (missense, nonsense and splicing variants).  

Cohorts 1 and 2 were genotyped at the Center for Inherited Disease Research (CIDR) 

using 1µg of genomic DNA on the Affymetrix Genome-wide Human SNP array 6.0.  

Genotypes were called using Birdseed version 2, APT 1.10.0 and samples were grouped 

by DNA plate to determine the genotype cluster boundaries.  Genotyping of samples 

from cohorts 3 to 6 was performed using the iPLEX™ Sequenom MassARRAY platform 

(San Diego, CA).  The minimum and average SNP call rates for all cohorts were 94.7% 

and 97.8%, respectively.  The average genotype concordance rate of 45 blind duplicates 

was 99.8%.  All SNPs had Hardy-Weinberg P value ≥ 0.001 in the combined unrelated 

samples.  For related samples, genotype data identified with Mendelian inconsistency by 

PedCheck (v. 1.1) (O'Connell and Weeks, 1998) were removed.     
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Imputation of genotypes for cohorts 1 and 2 

Imputation was performed for autosomes using MACH (version 1.0.16, 

http://www.sph.umich.edu/csg/abecasis/MaCH/) to obtain missing genotypes for cohorts 

1 and 2 that underwent GWAS.  SNPs with minor allele frequency (MAF) ≥1%, call rate 

≥95% and Hardy-Weinberg P value ≥10-4 were used for imputation.  A 1:1 mixture of the 

HapMap II release 22 (NCBI build 36) CEU:YRI consensus haplotypes 

(https://mathgen.stats.ox.ac.uk/impute/ ) were used as a reference panel.  Imputation was 

performed in two steps.  For the first step, 484 unrelated African American samples were 

randomly selected to calculate recombination and error rate estimates.  In the second step, 

these rates were used to impute all samples across the SNPs in the entire reference 

panel.  Imputation results were filtered at an rsq threshold of ≥ 0.3 and a MAF ≥ 0.01.  

Among the 50 SNPs examined in this study, 30 SNPs were directly genotyped while 7 

SNPs were imputed with a minimum rsq of 0.48, and 13 SNPs (D933V, rs61745560, 

rs60742235, Q805H, rs138814449, rs115775155, rs114352755, rs141571147, 

rs34246968, H53R, rs145379673, rs66866077, and rs61743972) failed for both direct 

genotyping and imputation and were not analyzed in cohorts 1 and 2. 

 

Population structure 

DNA samples from all cohorts, as well as 44 Yoruba Nigerians and 39 European 

Americans were genotyped for 77 ancestry informative markers (AIMs).  The African to 

European ancestral proportion of each African American sample was then estimated 

using the EM algorithm implemented in the program Frequentist Estimation of individual 

ancestry proportion (FRAPPE) under a two-population model (Keene et al., 2008).  The 
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mean (±SD) African ancestry proportions estimated by FRAPPE in cohorts 1 to 6 were 

0.77±0.12, 0.78±0.12, 0.77±0.12, 0.78±0.13, 0.76±0.11 and 0.69±0.14, respectively. 

 

Statistical analyses  

Data are presented as mean ± SD or percentage, as appropriate.  BMI was natural 

logarithmically transformed to best approximate conditional normality and homogeneity 

of variance, conditional on cohort, disease status, age and gender.  To account for 

potential gender and cohort differences in the distribution of BMI, subjects were stratified 

by gender in each cohort and by disease status (ESRD in cohort 4 and T2DM in cohort 

6).  Within each strata, an individual was considered an outlier if the data was outside of 

four standard deviations.  A total of three outlier observations were removed from further 

analyses.  The data were then adjusted for age in a linear model and residuals were 

standardized to a mean of zero and variance of one (i.e., Z-score).  These Z-scores are the 

primary unit of analysis for both within individual cohorts and the meta-analyses.  

Single SNP Association. BMI was natural logarithmically transformed and standardized 

residuals were calculated after adjustment for cohort, disease status, age and gender to be 

used for data analysis.  A linear regression analysis implemented in PLINK was 

performed for unrelated samples (http://pngu.mgh.harvard.edu/~purcell/plink/).  A 

variance component measured genotype method implemented in SOLAR (Almasy and 

Blangero 1998, http://txbiomed.org/departments/genetics/) was used for association tests 

in order to account for familial relationships within each cohort.  Associations of BMI Z-

scores with SNPs were tested under an additive model with adjustment for proportion of 
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African ancestry.  Familial correlation was accounted for using a kinship coefficient 

matrix, in which a correlation was calculated for each set of related pairs.  

Meta-analysis. Association results from all six cohorts were combined using the inverse 

variance weighted method implemented in METAL 

(http://www.sph.umich.edu/csg/abecasis/metal/).  For loci showing multiple associations, 

conditional SNP analyses that include multiple SNPs as independent variables were 

performed using variance component method in the pooled samples to evaluate the 

independence of the association signals. 

SKAT analysis. 50 exonic variants and 38 previously examined common variants (Table 

4) were analyzed to examine the relative effect of rare and common variants on BMI at 

each locus using a sequence kernel association test (SKAT) (Wu et al., 2011).  This 

method uses a multiple regression model to directly regress the phenotype on genetic 

variants in a region and on covariates, and so allows different variants to have different 

directions and magnitude of effects, including no effects. SNP i was weighted by minor 

allele frequency using the beta distribution density function ��� � ����	
���; ��, ���. 

When �� and �� are equal to one, the C(1,1) model assumes equal weight for rare and 

common SNPs.  The C(1,25) model puts weights on rare SNPs only.  Fam-SKAT, 

developed by Drs. Han Chen and Josee Dupuis (Boston University) as a modification of 

SKAT, was used to accommodate family structure for cohorts with related samples.  

Meta-SKAT was used to combine the results from the Fam-SKAT for cohorts 5 and 6 

and SKAT analyses for cohorts 1-4. 

All statistical tests were performed by SOLAR or SAS v.9.1 (SAS Institute, Cary, 

NC, USA) unless specified otherwise.  Posterior study power was calculated using 
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genetic power calculator (Purcell et al., 2003).  A nominal P value < 0.05 in the meta-

analysis was considered as evidence of significance. 

RESULTS 

Clinical characteristics of the study samples 

The clinical characteristics of the study samples in all six cohorts are shown in Table 1.  

Due to the nature of sample collection, the cohorts consisted of community non-diabetic 

(cohorts 1 and 3), community-based (cohort 6) or diabetic subjects (cohorts 2, 4, and 5).  

The distributions of BMI are comparable among all cohorts, except for higher mean BMI 

(35.3 kg/m2) and higher prevalence of obesity (74.3%) in the Diabetes Heart Studies 

(cohort 5).  In view of the heterogeneous phenotypes among the study cohorts, BMI Z-

scores were calculated in sex- and disease-specific strata and then combined in each 

cohort separately for association analyses. 

 We either genotyped or imputed (for 7 SNPs in cohorts 1 and 2) 50 exonic 

variants in 6 previously identified adiposity loci in 6 African American cohorts.  Table 2 

summarizes the individual cohort and meta-analysis results of these SNPs for association 

with BMI, using and inverse variance method.  From the results of the meta-analysis, 4 

SNPs showed nominal or trend of association at 0.006 < P < 0.06 with effect sizes 

between 0.06 and 0.19 SD units (or 0.45 to 1.43 kg/m2) of BMI for each copy of the 

effect allele.  These four SNPs (rs3813649, rs7522194, rs35891059, and rs7413442) were 

located within the coding region of the SEC16B gene.  The most significantly associated 

SNP, rs7413442 (P = 0.006), is a common synonymous mutation located in exon 3 of 

SEC16B.  The A allele showed a trend of association with increased BMI in all six 

cohorts.  The four associated SNPs have differential allele frequencies ranging from 0.01 
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to 0.50 and they are not highly correlated with one another in our samples (0.04 < r2 < 

0.35). 

 We further investigated the cumulative effect of these 50 exonic variants as well 

as 38 previously examined common variants (variants summarized in Table 4) at all six 

loci (NEGR1, SEC16B, TMEM18, BDNF, FTO, and MC4R) on BMI using a sequence 

kernel association test, or SKAT.   Table 3 summarizes the results from this analysis.  

When both rare/exonic and common variants were equally weighted, 3 loci (NEGR1, 

SEC16B, and MC4R) were significantly associated with BMI (P = 0.008, 0.02, and 0.038, 

respectively).  The TMEM18 locus also showed a trending association with BMI (P = 

0.054).  These associations disappeared when only rare variants were weighted. 
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DISCUSSION 

 We examined 50 rare and common exonic variants in 6 previously identified 

adiposity loci for association with BMI in six African American cohorts.  Meta-analysis 

revealed four SNPs (rs3813649, rs7522194, rs35891059, and rs7413442) located at the 

SEC16B gene showing suggestive association with BMI (0.006 < P < 0.055) (Table 2).  

Although none of the SNPs showed significant association in individual cohorts due to 

modest sample size, the direction of association was mostly consistent.  Subsequently, a 

SKAT meta-analysis was performed to increase the power to detect an association with 

predominately rare variants and to assess the cumulative effect of these exonic variants as 

well as 38 previously queried common variants at each of the six loci (Table 3).  When an 

equal weight was assumed for both common and rare variants, an association with BMI 

was observed at three loci (NEGR1, SEC16B, and MC4R) at 0.008 < P < 0.038.  

However, when only the rare variants were weighted, no associations were observed. 

The SEC16B (sec 16 homolog B) gene, located on chromosome 1q25.2, is 

implicated in the organization of transitional endoplasmic reticulum sites and protein 

export, however, the biological mechanism is largely unknown (Watson et al., 2006).  

After single variant association analysis, four SNPs, rs3813649, rs7522194, rs35891059, 

and rs7413442 (0.04 < r2 < 0.35), located in the coding region of SEC16B, showed 

nominal association with BMI in our study, with effect sizes between 0.06 and 0.19 SD 

units (or 0.45 to 1.43 kg/m2) of BMI for each copy of the effect allele.  Despite the low r2, 

conditional analysis revealed that all four associated SNPs at this locus represent the 

same signal. 
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Common variants at or near SEC16B have been found to be associated with 

obesity in multiple genome-wide association studies (GWAS) in European populations 

(Thorleifsson et al., 2009; Speliotes et al., 2010) as well as Asian populations (Hotta et 

al., 2009; Ng et al., 2010; Shi et al., 2010).  We previously identified associations 

between BMI and index SNPs rs630372 and rs506589 at SEC16B in the six African 

American cohorts, with effect size ~ 0.05 SD unit of BMI (Chapter 2), similar to the 

effect observed in Europeans of ~0.03 SD unit of BMI (Thorleifsson et al., 2009).  

Among the exonic variants identified in this study, the rare SNP rs35891059 had a larger 

effect size (0.19 SD unit of BMI) while the common SNPs have comparable effect size 

(0.06 SD unit of BMI) as the non-coding SNPs (0.006 < r2 < 0.047). 

GWAS, which are designed on the common disease-common variant hypothesis, 

have identified many SNPs and loci for complex phenotypes, including BMI.  However, 

the alleles identified through GWAS are typically not causative but rather likely in 

linkage disequilibrium (LD) with the true causal variants.  The common alleles, which 

may not capture the uncommon and rare variants, account only for a fraction of 

heritability of the complex traits.  Consequently, the focus is being shifted to the rare 

variants-common disease hypothesis, postulating that rare variants exert large effect sizes 

on the phenotype.  In conjunction, technological advances in DNA sequencing techniques 

have dramatically enhanced whole genome or whole exome sequencing capacity 

(Marian, 2012).  These emerging sequencing technologies provide an opportunity to 

study the association between rare variants and complex traits.  Rare variants may play an 

important role in the etiology of complex traits and account for missing heritability 

unexplained by common variants in the same or different loci (Bodmer and Bonilla, 
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2008; Schork et al., 2009).  Accordingly, we anticipated that the examination of 

predominately rare and putatively functional variants would provide additional insight 

into the role of previously identified loci in the modulation of BMI levels in African 

Americans.  

In order to provide the most comprehensive coverage of our candidate loci, we 

selected exonic variants polymorphic in African Americans using the database from the 

NHLBI sponsored Exome Sequencing Project (ESP) as well as the T2D-GENES exome 

sequencing project.  Interestingly, querying the ESP database for the FTO gene, which is 

a relatively large gene (around 410 kb in length), yielded surprisingly few exonic variants 

(57 variants in African Americans).  Alternatively, querying the ESP database for 

SEC16B, a significantly smaller gene (around 56 kb in length) yielded a comparatively 

large number of exonic variants (149 variants in African Americans).  

In addition, a lack of study power may also explain the negative results with other 

loci after single SNP association analyses.  For example, the observed effect size for the 

most strongly associated variant in SEC16B, rs7413442 (P=0.006), was 0.057 SD unit of 

BMI.  Given our sample size and the observed effect allele frequency of 0.50, we had 

85% power to detect association at α-level of 0.05, under an additive model (Table 5). 

Alternatively, we had only 5% power to detect an association at α-level of 0.05 for 

missense variant rs16952624, located in the coding region of FTO (fat mass and obesity 

associated), with an effect size of 0.015 SD unit of BMI and an effect allele frequency of 

0.03.  In fact, nearly 600,000 samples would be required in order to have good power 

(≥80%) to detect an association with this SNP.  Similarly, we only had 8% power to 

detect an association at α-level of 0.05 for missense variant rs2229616, located in the 
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coding region of MC4R (melanocortin 4 receptor), with an effect size of 0.048 SD unit of 

BMI and an effect allele frequency of 0.012. 

FTO (Dina et al., 2007; Hinney et al., 2007; Frayling et al., 2007; Scuteri et al., 

2007; Tan et al., 2008; Grant et al., 2009; Wing et al., 2009; Bollepalli et al., 2010; 

Hassanein et al., 2010; Ng et al., 2010) and MC4R (Chambers et al., 2008; Loos et al., 

2008; Grant et al., 2008; Hotta et al., 2009; Ng et al., 2010) are two of the most strongly 

identified adiposity loci to date, with common variants associated in multiple 

populations.  We previously replicated BMI association with one index SNP in FTO 

(rs3751812) and two index SNPs (rs477181 and rs4450508) in MC4R in six African 

American cohorts (Chapter 2).  Given our sample size (n=4992), an effect size of 0.07 SD 

unit of BMI, and an effect allele frequency of 0.1, we had 55% power to detect an 

association with rs3751812 at α-level of 0.05 (Table 5).  While still underpowered, this 

constitutes over 10 times the study power we achieved with FTO exonic variant, 

rs16952624.  Comparatively, we had 70 and 45% power to detect an association with 

MC4R common variants rs477181 and rs4450508 (effect size=0.05 and 0.04 SD unit of 

BMI, respectively; effect allele frequency=0.48 and 0.70, respectively).  

As evidenced by the results of our study, single variant association analyses of 

rare variants are typically underpowered, due to their low allele frequencies (MAF<0.05). 

Therefore, locus-based tests become necessary to achieve good power to detect an 

association.  Using the sequence kernel association test (SKAT), we included 50 exonic 

SNPs and 38 previously investigated BMI-associated index SNPs to assess the 

cumulative effect at all six loci (Table 3).  When rare and common variants were equally 

weighted, SKAT meta-analysis revealed associations with BMI at NEGR1 and MC4R, in 
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addition to SEC16B identified by single SNP association.  However, when only rare 

variants were weighted, all associations disappeared.  This indicates that the common 

variants are in fact driving the associations at these loci.  In our previous study, the 

strongest BMI association signals were observed with three dependent common variants 

in the NEGR1 (neuronal growth regulator 1) gene (Chapter 2).  These three variants 

represented the same association signal, as determined by conditional analysis.  This 

common variant signal may be driving the association observed in the SKAT analysis 

even if no rare or coding associations were found.  This may explain in part why the 

strongest association was observed at this locus (P=0.008) after meta-analysis in SKAT.  

Although we identified BMI association for four exonic SNPs at one locus after 

single variant analysis, we were unable to detect association at all other loci.  SKAT 

analysis further corroborated these findings; indicating lack of joint associations at rare 

SNPs.  These results may be due to small sample size and therefore, a lack of power.  

Even more highly powered locus-wide tests may require a larger study sample in order to 

detect an association.  In general, we expected that putatively functional, exonic SNPs 

might provide better rationale behind modulation of BMI in African Americans.  Many of 

the previously identified common variants associated with BMI are located within 

intronic regions, without a clear functional role.  Not only did we want to provide 

comprehensive coverage of both the coding and noncoding regions as well as the 

common and rare SNPs, we also wanted to determine if the common variants served as 

mere proxies for the true association signal.  Due to regions of high LD, it is often 

difficult to determine the true association signal.  This is why it is useful to investigate 

rare variants, which may have larger effects, as well.  Figure 1 illustrates the correlation 
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between effect size and minor allele frequency in single SNP meta-analysis, including the 

50 exonic variants and 38 common variants.  While the two metrics are not highly 

correlated in our study, there is an observable trend of larger effect sizes observed at rare 

SNPs.  However, the correlation between minor allele frequency and P-value reveals a 

different relationship (Figure 2).  Our results indicate that greater significance is observed 

at SNPs with a higher minor allele frequency.  While larger effect sizes may be observed 

at rare SNPs, our investigation of coding variants demonstrated that the strongest 

associations were observed with common, noncoding SNPs.  However, this may be due 

in part to a lack of study power. 

In conclusion, we observed association with BMI for four exonic SNPs at 

SEC16B in six African Americans cohorts.  In addition, locus-wide analysis with rare and 

common variants weighted equally identified three loci (NEGR1, SEC16B, and MC4R) 

associated with BMI.  Our results suggest that both exonic and non-coding variants, 

mostly common, in a subset of loci identified from European studies, are associated with 

obesity in African Americans.  A larger sample size will be necessary to confirm or refute 

these associations. 
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CHAPTER 4 

 

ASSOCIATION OF COMMON AND RARE VARIANTS IN BODY MASS INDEX 

LOCI FROM GENOME-WIDE ASSOCIATION STUDIES WITH ADIPOSITY 

TRAITS IN AFRICAN AMERICANS 
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INTRODUCTION 

 Current methods of measuring adiposity could be considered to fall into two 

categories:  standard anthropometric measurements and direct measurements.  Standard 

anthropometric measurements of adiposity include body mass index (BMI), waist 

circumference (WAIST), and waist-to-hip ratio (WHR).  BMI is considered the most 

common measure of obesity.  WAIST is a measure of the circumference of the waist in 

centimeters, and is a gauge of fat deposit in the abdomen.  WAISTs ≥102 cm in men and 

≥ 88 cm in women are considered indicative of increased comorbidity risk due to 

elevated abdominal fat.  WHR is WAIST divided by the circumference of the hips, which 

determines if fat is localized centrally in the abdomen or diffused into the hips and thighs.  

A WHR of lower than .90 in men and 0.8 in women is considered healthy 

(http://www.nhlbi.nih.gov/guidelines/obesity/prctgd_c.pdf).  Direct measurements of 

adiposity, often measured by magnetic resonance imaging (MRI) or computed-

tomography (CT) scanning, include visceral adipose tissue (VAT), subcutaneous adipose 

tissue (SAT), and visceral to subcutaneous ratio (VSR).  Of extreme interest in obesity is 

VAT, which is a measurement of fat tissue area surrounding the viscera, and is a potent 

indicator of obesity pathogenicity.  SAT is a measurement of the area of fat tissue closely 

associated with the skin, which clearly contributes to body mass, but is not as pathogenic 

as VAT.  VSR is a measurement of the proportion of VAT to SAT in the abdomen, where 

higher ratios show elevated localization of adipose tissue to the viscera.  

Anthropometric measurements such as BMI, waist circumference, and waist-to-

hip ratio are used in large epidemiologic studies to define overweight and obesity, 

estimate body fat distribution, and/or estimate health risks related to metabolic syndrome.  
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Increments in anthropometric measurements are presumed to correspond with increasing 

body fat.  Of particular interest is an increase in VAT, since it is more metabolically 

active than other adipose tissue sites (Jensen, 2002) and appears to contribute to many 

metabolic abnormalities associated with body weight gain (Berg and Scherer, 2005; 

Bonora, 2000; Ding et al., 2004; You et al., 2004).  Increasing SAT may also be a health 

risk, since it has been associated with insulin resistance in minority groups (Lovejoy et 

al., 1996; Wagenknecht et al., 2003). 

Some studies have shown that there are racial/ethnic differences in relationships 

between anthropometric measures of central adiposity and computed tomography 

determined VAT.  In a study of 1432 Japanese adult men and 1038 women recruited from 

a public school employee clinic, BMI and WAIST were each correlated with VAT (r2 of 

0.59 – 0.68).  VAT steadily increased with BMI or WAIST, but the trend leveled off at 

higher values (BMI of ~30 kg/m2; r2 of ~0.38).  When the authors modeled VAT on age 

and WAIST, this accounted for no more than 50% of the variance in the trait (Oka et al, 

2009).  In 196 overweight Latino youth, the strongest correlate of VAT was WAIST (r2 

of 0.65).  However, in a multiple regression analysis where VAT was modeled on 

WAIST, no more than 50% of the variation in VAT was explained in Latinos (Ball et al, 

2006).  A separate effort in EA men and women confirmed a similar magnitude in 

correlation of BMI and WAIST with VAT (r2 of 0.46 to 0.76).  When VAT was modeled 

on BMI, the proportion of variance explained was 46-60%, and when WAIST was forced 

into the equation the proportion of variance explained was 57-76%.  When the same 

multiple regression was performed with VAT modeled on WAIST, the proportion of 

variance explained was 55-76%, and when BMI was forced into the equation, the 
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explained proportion of variance increased by an insignificant amount in women and by 

only 2% in men (Janssen et al, 2002).  

Furthermore, despite the correlation between BMI, WAIST, and VAT, there is a 

body of evidence that anthropometric traits are not reliable assays of the visceral depot. 

One of the more apparent observations is that for a given BMI or WAIST, African 

Americans (AAs) have lower VAT or VSR than either European Americans (EAs) or 

Hispanic Americans (HAs) (Lovejoy et al, 1996; Bray et al, 2008; Carroll et al, 2008; 

Goedecke et al, 2009; Suliga, 2009).  HAs have shown either equivalent or greater 

amounts of VAT than EAs, but the greater amounts often do not survive adjustment for 

SAT or BMI (Brambilla et al, 2006).  In addition, South Asians have shown increased 

body fat and VAT relative to EAs for a given BMI or WAIST, which has fueled 

proposals of alternative obesity thresholds for BMI in Asian individuals (Lear et al, 

2007).  Thus, a given anthropometric measurement may represent different amounts of 

VAT and/or SAT in different racial/ethnic groups.   

Genome-wide association studies have successfully identified over 100 common 

variants associated with adiposity in multiple European-derived populations (Willer et al., 

2009; Thorleifsson et al., 2009; Speliotes et al., 2010).  Previously, we examined these 

index variants at more than 50 novel European-derived adiposity loci for association with 

body mass index (BMI) in African Americans (Chapter 2).  However, only few common 

genetic variants confer modest associations.  Furthermore, these associations account for 

only a small portion of the total variance of BMI.  Therefore, in a follow-up study, we 

selected 50 exonic variants, from six loci (NEGR1, SEC16B, TMEM18, BDNF, FTO, and 

MC4R) associated with BMI in African Americans in previous studies (Chapter 2; Monda 
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et al., submitted) from the Exome Sequence Project (ESP) database and from the T2D-

GENES exome sequencing project.  This study examined the effect of these exonic 

variants, mostly rare, and their relative impact on BMI association in African Americans 

as compared to the common variants (Chapter 3).  In the present study, we aimed to 

further examine the association of these index and exonic variants with other measures of 

adiposity including, VAT, SAT, VSR, WAIST, and WHR.  Performing association 

analyses using additional adiposity phenotypes is important to understand if there are 

shared genetic effects that modulate fat distribution in African Americans. 

RESEARCH DESIGN AND METHODS 

Subjects 

Two African American cohorts with relevant phenotypic data available were used 

in the present study.  The Diabetes Heart Studies cohort (cohort 1) consisted of subjects 

recruited from the community and internal medicine clinics in two studies that examine 

the subclinical cardiovascular risk in type 2 diabetes.  A subset of 211 unrelated subjects 

from the African American-Diabetes Heart Study (Divers et al., 2010) and 81 subjects 

from the family-based Diabetes Heart Study (Bowden et al., 2006) were included in this 

study.  The Insulin Resistance Atherosclerosis (IRAS) Family Study (Wagenknecht et al., 

1995) cohort (cohort 2) is a community-based cohort study designed to examine the 

epidemiology and genetics of glucose homeostasis traits.  Included are 575 related 

subjects from 42 families of the IRAS Family Study recruited from Los Angeles.  

The clinical characteristics of all cohorts are summarized in Table 1. Informed 

consent was obtained from all study participants.  Recruitment and sample collection 
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procedures for cohorts 1 and 2 were approved by the Institutional Review Boards at WFU 

and the local institutions, respectively.  

 

Clinical studies 

Height and weight was measured in all study subjects.  Body mass index (BMI) is 

calculated as weight divided by square of height.  Waist circumference (WAIST, cm) was 

measured using a metric tape measure and consisted of the circumference of the body 

between the 10th rib and the iliac crest.  Waist to hip ratio (WHR) was calculated by 

taking the ratio of WAIST over the hip circumference (maximum circumference of the 

buttocks).  A CT scan was also performed in order to make precise measurements of 

abdominal fat distribution.  This procedure uses a standard protocol acquiring two 10-

mm-thick axial images from the L2-L3 and L4-L5 vertebral levels after a single scout of 

the abdomen.  The CT scans were sent to the Colorado Health Sciences Center, 

Department of Radiology for analysis to obtain visceral adipose tissue (VAT) and 

subcutaneous adipose tissue (SAT) (cm2) area measurements.  The visceral to 

subcutaneous ratio (VSR) was calculated using the ratio of VAT over SAT.  Genomic 

DNA was extracted from blood samples using the PureGene system (Gentra Systems, 

Minneapolis, MN).   

 

Genotyping and quality control  

A total of 99 SNPs at 54 adiposity loci identified through recent GWAS in 

Europeans as well as 50 exonic variants at six loci previously examined for BMI 

association in African Americans (Chapters 2 and 3) were studied.  All 145 variants were 
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selected for follow-up investigation of additional adiposity phenotypes with two African 

American cohorts.  Selection criteria for the common variants included key SNPs that 

reached genome-wide significance (P<5x10-8) and nearby reported SNPs showing 

nominal association in previous studies in Europeans (Chapter 2).   Selection criteria for 

the exonic variants included loci demonstrating nominal association with BMI in African 

Americans in previous studies (P < 0.05) (Chapter 2, Monda et al., submitted).  All 

selected SNPs were exonic and were prioritized for rare (MAF < 0.05) and putative 

functional SNPs.  These SNPs were selected from the Exome Sequence Project (ESP) 

database and the T2D-GENES exome sequencing project (Chapter 3).  Genotyping was 

performed using the iPLEX™ Sequenom MassARRAY platform (San Diego, CA).   The 

minimum and average SNP call rates for all cohorts were 95% and 98.1%, respectively.  

The average genotype concordance rate of 45 blind duplicates was 99.8%.  All SNPs had 

Hardy-Weinberg P value ≥ 0.001 in the combined unrelated samples.  Four exonic SNPs 

were monomorphic in at least one of the African American cohorts (rs145387172, 

rs60742235, rs13394567, and rs2353512) and were removed from further analysis.  For 

related samples, genotype data identified with Mendelian inconsistency by PedCheck (v. 

1.1) (O'Connell and Weeks, 1998) were removed.     

 

Population structure 

To account for the effect of population structure on genetic association in these 

African American samples, DNA samples from both cohorts, as well as 44 Yoruba 

Nigerians and 39 European Americans were genotyped for 77 ancestry informative 

markers (AIMs).  The African to European ancestral proportion of each African 
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American sample was then estimated using the EM algorithm implemented in the 

program Frequentist Estimation of individual ancestry proportion (FRAPPE) under a 

two-population model (Keene et al., 2008).  The mean (±SD) African ancestry 

proportions estimated by FRAPPE in cohorts 1 and 2 were 0.76±0.11 and 0.69±0.14, 

respectively. 

 

Statistical analyses  

Data are presented as mean ± SD or percentage, as appropriate.  WAIST, WHR, 

and VSR were natural logarithmically transformed and VAT and SAT were transformed 

by square root to best approximate conditional normality and homogeneity of variance, 

conditional on cohort, disease status, age and gender.  To account for potential gender 

and cohort differences in the distribution of each of the adiposity phenotypes, subjects 

were stratified by gender in each cohort and by disease status (T2DM in cohort 1).  

Within each strata, an individual was considered an outlier if the data was outside of four 

standard deviations.  A total of five outlier observations were removed from further 

analyses.  The data were then adjusted for age in a linear model and residuals were 

standardized to a mean of zero and variance of one (i.e., Z-score).  These Z-scores are the 

primary unit of analysis for both within individual cohorts and the meta-analyses.  

Single SNP Association. For both cohorts, a variance component measured genotype 

method implemented in SOLAR (Almasy and Blangero 1998, 

http://txbiomed.org/departments/genetics/) was used for association tests in order to 

account for familial relationships within each cohort.  Associations of WASIT, WHR, 

VSR, VAT, and SAT Z-scores with SNPs were tested under an additive model with 
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adjustment for proportion of African ancestry.  Familial correlation was accounted for 

using a kinship coefficient matrix, in which a correlation was calculated for each set of 

related pairs.  

Meta-analysis. Association results from both cohorts were combined using the inverse 

variance weighted method implemented in METAL 

(http://www.sph.umich.edu/csg/abecasis/metal/).  For loci showing multiple associations, 

conditional SNP analyses that include multiple SNPs as independent variables were 

performed using variance component method in the pooled samples to evaluate the 

independence of the association signals. 

SKAT analysis. 50 exonic variants and 38 previously examined common variants (Table 

14) were analyzed to examine the relative effect of rare and common variants on multiple 

adiposity phenotypes at each locus using a sequence kernel association test (SKAT) (Wu 

et al., 2011).  This method uses a multiple regression model to directly regress the 

phenotype on genetic variants in a region and on covariates, and so allows different 

variants to have different directions and magnitude of effects, including no effects. SNP i 

was weighted by minor allele frequency using the beta distribution density function 

��� � ����	
���; ��, ���. When �� and �� are equal to one, the C(1,1) model assumes 

equal weight for rare and common SNPs.  The C(1,25) model puts weights on rare SNPs 

only.  Fam-SKAT, developed by Drs. Han Chen and Josee Dupuis (Boston University) as 

a modification of SKAT, was used to accommodate family structure for cohorts with 

related samples.   

All statistical tests were performed by SOLAR or SAS v.9.1 (SAS Institute, Cary, 

NC, USA) unless specified otherwise.  Posterior study power was calculated using 
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genetic power calculator (Purcell et al., 2003).  A nominal P value < 0.05 in the meta-

analysis was considered as evidence of significance.   

RESULTS 

Clinical characteristics of the study samples 

The clinical characteristics of the study samples in both cohorts are shown in Table 1.  

Due to the nature of sample collection, the cohorts consisted of community-based (cohort 

2) or diabetic subjects (cohort 1).  In view of the heterogeneous phenotypes between both 

cohorts, Z-scores for each of the phenotypes were calculated in sex- and disease-specific 

strata and then combined in each cohort separately for association analyses.  The genetic 

correlation between all adiposity phenotypes (BMI, WAIST, WHR, VAT, SAT, and 

VSR) among all genotyped samples is included in Table 15. 

 We successfully genotyped 99 index variants in 54 adiposity loci previously 

identified in studies of European-derived populations (Chapter 2) and 46 exonic variants 

in 6 European-derived adiposity loci that demonstrated BMI association in prior studies 

of African Americans, in five African American cohorts (Chapter 3).  These variants 

were all tested for association with five adiposity phenotypes including, WAIST, WHR, 

VAT, SAT, and VSR in the Diabetes Heart Studies and the Insulin Resistance 

Atherosclerosis Family Study where phenotype data were available.  Tables 2 – 6 

summarize the individual cohort and meta-analysis results for the 99 index variants for 

each of the phenotypes.  Tables 7 – 11 summarize the individual cohort and meta-

analysis results for the 46 exonic variants for each of the phenotypes.  Table 12 includes a 

summary of meta-analysis results for all SNPs in all phenotypes. 
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Single variant association results 

Meta-analysis of the 99 index variants and 46 exonic variants revealed seven 

index SNPs and two exonic SNPs significantly associated with WAIST at 0.002 < P < 

0.045 with effect sizes between 0.13 and 0.59 SD units of WAIST for each copy of the 

effect allele (Tables 2 and 7).  These nine SNPs were located at or near eight different 

loci including, SEC16B, NISCH/STAB1, CPEB4, BTNL2, VEGFA, BCDIN3D/FAIM2, 

SH2B1, and FTO.  Both exonic variants were located at the SEC16B gene (rs114840329 

and rs114352755).  rs114840329 is a rare (MAF=0.02), nonsynonymous mutation 

resulting in an amino acid change from the hydrophobic phenylalanine to the hydrophilic 

serine. 

 From the results of the meta-analysis, seven index SNPs and three exonic SNPs 

were significantly associated with WHR at 0.004 < P < 0.05, with effect sizes between 

0.11 and 0.33 SD units of WHR (Tables 3 and 8).  These SNPs were located at or near 

seven different loci including, SEC16B, TMEM18, VEGFA, ARID1B, BDNF, 

GPRC5B/IQCK, and FTO.  There were two index SNPs located at the BDNF gene that 

were associated with WHR (rs4074134 at P = 0.036 and rs10501087 at P = 0.042).  

These SNPs are not highly correlated in our samples (r2 = 0.09).  Conditional analysis 

including rs10501087 and rs4074134 removed the significant association (P = 0.224) and 

suggested that they represent the same association signal.  All three associated exonic 

SNPs were located at the SEC16B gene (rs114840329, rs12040910, and rs35959058).  

Conditional analysis including all three variants did not remove the significant 

associations (P = 0.007, 0.09, and 0.01, respectively) indicating that they represent 

independent signals.  Missense variant rs114840329 was also significantly associated 
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with WAIST.  rs12040910 is a nonsynonymous mutation, resulting in an amino acid 

change from histidine to arginine.  rs35959058 is a synonymous mutation. 

After meta-analysis, ten index SNPs and one exonic SNP were found to be 

associated with VAT at 3.32x10-4 < P < 0.05 with effect sizes between 0.11 and 0.48 SD 

units of VAT (Tables 4 and 9).  These SNPs were located at or near ten different loci 

including, SEC16B, TMEM18, LRP1B, NISCH/STAB1, ETV5, CPEB4, VEGFA, NRXN3, 

SH2B1, and FTO. The associated exonic variant (rs114840329) was located at SEC16B 

and was associated with both cohorts in the same direction.  rs114840329 was 

significantly associated with both WAIST and WHR, as well. 

Meta-analysis revealed SAT association with nine index SNPs and six exonic 

SNPs at 0.006 < P < 0.05 with effect sizes between 0.11 and 0.54 SD units of SAT 

(Tables 5 and 10).  These fifteen SNPs were located at or near six genes including, 

SEC16B, LYPLA1, TMEM18, NISCH/STAB1, SH2B1, and MC4R.  All three genotyped 

index SNPs at the TMEM18 locus were associated after meta-analysis (rs28767125 at 

P=0.045; rs7561317 at P=0.011; rs13397165 at P=0.011).  These SNPs are moderately 

correlated in our samples (r2 for rs28767125 and rs7561317 = 0.34; r2 for rs28767125 and 

rs13397165 = 0.41; r2 for rs7561317 and rs13397165 = 0.60).  Conditional analysis 

including all three variants removed the significant association and suggested that they 

represent the same association signal.  Five of the associated exonic variants were located 

at SEC16B, including rs61745560, rs114840329 (associated with WAIST, WHR, and 

VAT), rs12129817, rs7413442, and rs35959058 (associated with WHR).  Conditional 

analysis including all five variants did not remove significant association, indicating that 

there are potentially multiple, independent signals.  Rs61745560 is a nonsynonymous 
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mutation, resulting in an amino acid change from the hydrophilic serine to the 

hydrophobic alanine.  Additionally, MC4R variant rs2229616 is a rare (MAF=0.01), 

nonsynonymous mutation resulting in a change from valine to isoleucine. 

 Meta-analysis revealed an association with VSR for six index SNPs and five 

exonic SNPs associated at 0.004 < P < 0.05 with effect sizes between 0.10 and 0.57 SD 

units of VSR (Tables 6 and 11).  These SNPs were located at or near five genes 

including, SEC16B, LYPLA1, TMEM18, TFAP2B, and MC4R.  There were three index 

variants located at the SEC16B locus that were associated with VSR (rs10913469 at 

P=0.020; rs630372 at P=0.014; rs543874 at P=0.034).  These SNPs are moderately 

correlated in our samples (r2 for rs10913469 and rs630372 = 0.28; r2 for rs10913469 and 

rs543874 = 0.38; r2 for rs630372 and rs543874 = 0.61).  Four of the five associated 

exonic SNPs were located at SEC16B, including rs61745560 (associated with SAT), 

missense variant rs3813649 (missense mutation:  serine to asparagine amino acid 

change), rs12129817 (synonymous mutation), and rs73413442 (associated with SAT).  

Conditional analysis including all four variants revealed that rs12129817 and rs3813649 

represent two independent association signals.  MC4R variant rs229616 was also 

significantly associated with SAT. 

 Overall, eleven SNPs (including three index SNPs and eight exonic SNPs) located 

at the SEC16B locus were associated with at least one of the five adiposity phenotypes 

examined in the present study.  The majority of these associations were observed with the 

VSR phenotype (0.004 < P < 0.049).  We observed three associations at the TMEM18 

locus with at least four of the five examined phenotypes (WHR, VAT, SAT, or VSR).  

The majority of the associations observed at this locus were with the SAT phenotype 
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(0.011 < P < 0.045).  Two index variants at the BDNF locus were significantly associated 

with WHR (0.036 < P < 0.042).  Two index variants at the FTO locus showed significant 

association with WAIST, WHR, or VAT (0.009 < P < 0.05).  Lastly, one index SNP and 

one exonic SNP located at the MC4R locus were significantly associated with SAT and 

VSR (0.022 < P < 0.05). 

SKAT analysis of variants at 6 loci 

 We further investigated the cumulative effect of these 46 exonic variants as well 

as 38 GWAS index variants (variants summarized in Table 14) at all six loci (NEGR1, 

SEC16B, TMEM18, BDNF, FTO, and MC4R) on adiposity using a sequence kernel 

association test, or SKAT.  Table 13 summarizes the results from the meta-analysis.  

When all variants were equally weighted, significant association was revealed at 

TMEM18 with WHR (P=0.05), SEC16B with SAT (P=0.01), TMEM18 with SAT 

(P=0.016), and SEC16B with VSR (P=0.002).  When only the rare variants (MAF<0.05) 

were weighted, significant association was revealed at SEC16B with WAIST (P=0.005), 

NEGR1 with WHR (P=0.022), SEC16B with VAT (P=0.048), SEC16B with SAT 

(P=0.031), NEGR1 with VSR (P=0.05), and MC4R with VSR (P=0.039). 
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DISCUSSION 

 We examined 99 index SNPs at 54 adiposity loci previously identified in recent 

GWAS in populations of European ancestry (Chapter 2) and 46 index SNPs at 6 

European-derived adiposity loci associated with BMI in African Americans (Chapter 3) 

for association with multiple adiposity phenotypes in two African American cohorts.  

Meta-analysis revealed 29 index SNPs and 9 exonic SNPs located at or near 19 genes 

associated with either WAIST, WHR, VAT, SAT, or VSR (3.32x10-4 < P < 0.05) (Table 

12).  Previously, we observed BMI association with twelve index SNPs at or near eight 

genes (Chapter 2) and four exonic SNPs located at SEC16B (Chapter 3).  Of the eight 

genes demonstrating BMI association in our previous studies, six genes (NEGR1, 

SEC16B, TMEM18, NISCH/STAB1, FTO, and MC4R) were significantly associated with 

at least one additional measure of adiposity.  Subsequently, we performed a SKAT meta-

analysis to investigate the cumulative effect of common and rare variants on adiposity at 

six loci (Table 13).  When common and rare variants were equally weighted, significant 

association was observed at two loci (SEC16B and TMEM18) with either WHR, SAT, or 

VSR (0.002 < P < 0.05).  When only rare variants (MAF<0.05) were weighted in the 

analysis, significant association was observed at three loci (NEGR1, SEC16B, and MC4R) 

with WAIST, WHR, VAT, SAT, or VSR (0.005 < P < 0.05).  Multiple signals observed 

at the same loci may indicate their role in the modulation of adiposity and fat distribution 

in African Americans. 

The SEC16B (sec 16 homolog B) gene, located on chromosome 1q25.2, is 

implicated in the organization of transitional endoplasmic reticulum sites and protein 

export, however, the biological mechanism is largely unknown (Watson et al., 2006).  
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After single variant association analysis, three index SNPs and eight exonic SNPs located 

at or near SEC16B, showed nominal association with at least one of the five adiposity 

phenotypes (WAIST, WHR, VAT, SAT, or VSR) in our study.  The strongest association 

observed overall, was rs114840329 with VAT (P = 3.32x10-4).   Given our sample size, 

an effect size of 0.48 SD units, and an effect allele frequency of 0.98, we had 81% power 

to detect association with VAT at α-level of 0.05 under an additive model.  The G allele 

of rs114840329 was significantly associated with an increase in four of the five adiposity 

phenotypes examined in our study (WAIST, WHR, VAT, and SAT) with effect sizes 

between 0.32 and 0.48 SD units.  This exonic variant is a missense mutation, resulting in 

an amino acid change from the hydrophobic phenylalanine to the hydrophilic serine.  It is 

also a rare variant, with a minor allele frequency of 0.02.  Interestingly, it is the major 

allele (G) that is associated with an increase in adiposity.  It is generally expected that, 

through selection, a polymorphism associated with an increase in a detrimental phenotype 

would be observed at lower frequencies.  The contrary observation that the major allele 

of rs114840329 is associated with increased adiposity may also be a result of selection; 

dating from a time when food sources were scarce and individuals who could store fat 

more easily were more likely to survive (Neel, 1962). 

Common variants at or near SEC16B have been found to be associated with 

obesity in multiple genome-wide association studies (GWAS) in European populations 

(Thorleifsson et al., 2009; Speliotes et al., 2010) as well as Asian populations (Hotta et 

al., 2009; Ng et al., 2010; Shi et al., 2010).  We previously identified an association 

between BMI and two index SNPs and four exonic SNPs at SEC16B in six African 

American cohorts (Chapters 2 and 3).  Rs630372, which was associated with both VAT 
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and VSR (0.014 < P < 0.027) in the present study, previously demonstrated significant 

association with BMI as well (Chapter 2).  The observed effect sizes for VAT and VSR 

were 0.12 and 0.14 SD units, respectively, while for BMI, we observed an effect size of 

only 0.05 SD units of BMI.  Similarly, two exonic variants (rs3813649 and rs7413442) 

that were significantly associated with SAT and VSR in the present study (0.004 < P < 

0.049), previously demonstrated BMI association (Chapter 3).  The observed effect sizes 

for SAT and VSR were between 0.07 and 0.12 SD units, while those observed for BMI 

were somewhat smaller (~0.06 SD units of BMI).  Reported European effect sizes for 

common variants found in this gene are around 0.03 SD unit of BMI (Thorleifsson et al., 

2009).  We observed effect sizes of a similar magnitude and direction of effect (0.05 SD 

unit of BMI) (Chapter 2).  

The TMEM18 (transmembrane protein 18) gene located at chromosome 2p25, has 

recently been identified as a modulator of glioma-directed stem cell migration and may 

be involved in cell movement in general (Jurvansuu et al., 2008).  The encoded protein is 

localized to the nucleus, widely expressed in fetal and adult tissues and well conserved 

among divergent species. We observed significant association with three index variants 

(rs2867125, rs7561317, and rs13397165) at TMEM18 with WHR, VAT, SAT, or VSR 

(0.011 < P < 0.05).  The most significantly associated variant, rs13397165, was 

associated with WHR, VAT, and SAT.  We had 78% power to detect association with 

SAT at α-level of 0.05 under an additive model, given an effect size of 0.55 SD units and 

an effect allele frequency of 0.77.   

Obesity association has been observed with common variants at TMEM18 in 

multiple European populations (Speliotes et al., 2010; Thorleifsson et al., 2009; Willer et 
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al., 2009).  Previously, we replicated association with rs2867125 at the TMEM18 locus 

and BMI in African Americans (Chapter 2).  The reported effect size in Europeans for 

rs2867125 is 0.061 SD unit of BMI (Thorleifsson et al., 2009), which is comparable to 

the effect size of 0.06 SD unit of BMI observed in our study with same direction of 

association.  In the present study, we observed effect sizes between 0.12 and 0.16 SD 

units.  Whereas rs2867125 appears to play a larger role in overall obesity, rs13397165 

may be more involved with fat deposition in African Americans.  

The NISCH (nischarin) and the STAB1 (stabilin 1) genes located at 3p21.1 have 

been previously identified as adiposity loci in GWAS in Europeans (Heid et al., 2010).  

STAB1 plays a role in angiogenesis (Adachi and Tsujimoto, 2002), while NISCH is 

involved in insulin signaling (Sano et al., 2002).  We observed significant association 

with rs6784615, located near NISCH and STAB1, and WAIST, VAT, and SAT (0.005 < P 

< 0.05) in two African American cohorts.  We had 93% power to detect an association 

with WAIST at α-level 0.05 under an additive model, given an effect size of 0.59 SD 

units and an effect allele frequency of 0.98. In European-derived populations, this variant 

was found to be significantly associated with WHR with the same direction of effect 

(Heid et al., 2010).  In a previous study, we replicated association with rs6784615 and 

BMI in six African American cohorts (Chapter 2).  We observed a minor allele frequency 

of 0.02 in African Americans, which is similar to that reported in Europeans (MAF = 

0.06).  The observation of significant association between rs6784615 with BMI, WAIST, 

VAT, and SAT indicates that this variant may play an important role in adiposity in 

African Americans. 
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The VEGFA (vascular endothelial growth factor A) gene located at 6p12 encodes 

a protein that specifically acts on endothelial cells and has various effects, including 

mediating increased vascular permeability, inducing angiogenesis, vasculogenesis and 

endothelial cell growth, promoting cell migration, and inhibiting apoptosis (Hu and Fan, 

1995).  Mutations in this gene have been associated with proliferative and 

nonproliferative diabetic retinopathy (Gerhardinger et al., 1998).  We identified 

significant association with rs6905288 located at VEGFA and WAIST, WHR, and VAT 

(0.007 < P < 0.018).  We had 84% power to detect association with WAIST at α-level 

0.05 under an additive model, given an effect size of 0.14 SD units and an effect allele 

frequency of 0.51.  This variant was previously identified in a GWAS performed in a 

European-derived population (Heid et al., 2010).  They found that the A allele (study 

allele frequency = 0.56) was significantly associated with increased WHR with an effect 

size of 0.036 SD units.  Similarly, we observed that the A allele (study allele frequency = 

0.51) was associated with increased WAIST, WHR, and VAT in two African American 

cohorts with effect sizes between 0.12 and 0.14 SD units. 

The SH2B1 (Src-homology-2 (SH2) domain containing putative adaptor protein 

1) gene located at 16p11.2 has previously been shown to associate with increased serum 

leptin, total fat, waist circumference and is a strong prior candidate for regulating body 

weight (Jamshidi et al., 2007).  We observed association between rs7498665 and WAIST, 

VAT, and SAT (0.002 < P < 0.047).  We had 88% power to detect association with 

WAIST at α-level of 0.05 under an additive model, given an effect size of 0.17 SD units 

and an effect allele frequency of 0.27.  Previously, we confirmed rs7498665 to be 

associated with BMI in African Americans, with a larger effect size and same direction of 
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association as compared to the Europeans (β = 0.06 vs. 0.036 SD unit of BMI, 

respectively) (Thorleifsson et al., 2009) (Chapter 2).  This variant is a nonsynonymous 

mutation, with an amino acid change from the hydrophilic threonine to the hydrophobic 

alanine. 

In humans, multiple rare mutations conferring loss of function in the MC4R 

(melanocortin 4 receptor) gene are associated with hyperphagia, severe childhood obesity 

and hyperinsulinemia (Farooqi et al., 2003).  Experimental studies show that MC4R is a 

key regulator of energy balance, influencing food intake and energy expenditure through 

functionally divergent central melanocortin neuronal pathways (Balthasar et al., 2005).  

MC4R contains one index SNP (rs6567160) and one exonic SNP (rs2229616) that were 

significantly associated with either SAT or VSR in our study (0.022 < P < 0.05).  

rs6567160 and rs2229616 are located at chromosome 18q21, with effect sizes of 0.15 and 

0.40 SD units, respectively.  These two SNPs are highly uncorrelated in our samples 

(r2=0.0001).  Rs2229616 is a nonsynonymous mutation, resulting in an amino acid 

change from valine to isoleucine.  It is also a rare variant (MAF = 0.01), with the minor 

allele (T) associated with an increase in SAT and VSR.  Genome-wide association studies 

have identified MC4R as a strong adiposity candidate in multiple European-derived 

populations (Chambers et al., 2008; Loos et al., 2008; Thorleifsson et al., 2008; Speliotes 

et al., 2010).  Previously, we identified association with two variants (rs477181 and 

rs4450508) at MC4R and BMI in six African American cohorts (Chapter 2). 

In European-derived populations, one of the earliest and by far the strongest 

adiposity genes identified by GWAS is FTO (Frayling et al., 2007).  Additional GWAS 

and replication studies on adiposity, childhood and adult obesity, confirmed the 
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association of FTO with adiposity and obesity in Europeans (Dina et al., 2007; Scuteri et 

al., 2007; Thorleifsson et al., 2009; Willer et al., 2009), as well as in Asians (Cho et al., 

2009; Hotta et al., 2008; J. T. Tan et al., 2008).  However, recent studies in African 

Americans have revealed inconclusive results (Bollepalli et al., 2010; Grant et al., 2008; 

Hassanein et al., 2010; Scuteri et al., 2007; Wing et al., 2009).  Three SNPs in particular 

(rs3751812, rs8050136, and rs9939609) have been widely studied in Europeans and 

included in many replication studies in other populations, including African Americans.  

These SNPs reside in the same LD block (r2 = 0.60, HapMap YRI), located within intron 

1 of FTO.   

Previously, we replicated association with rs3751812 and BMI in six African 

American cohorts, with the same direction of effect as that observed in studies of 

European-derived populations (Chapter 2).  In the present study, we observed association 

with two independent index SNPs, rs7191513 and rs11076017 (r2 = 0.003), with WHR 

and WAIST and VAT, respectively (0.009 < P < 0.05).  For rs7191513, we had 80% 

power to detect association with WHR at α-level 0.05 under an additive model, given an 

effect size of 0.14 SD units and an effect allele frequency of 0.47.  For rs11076017, we 

had 73% power to detect association with WAIST at α-level 0.05 under an additive 

model, given an effect size of 0.16 SD units and an effect allele frequency of 0.81. 

While rare variants may have a greater effect on trait variance than their common 

variant counterparts, most single SNP association analyses are underpowered to detect 

association given the small allele frequencies (MAF<0.05).  Therefore, we performed a 

SKAT meta-analysis to investigate the cumulative effect of the common and rare variants 

on adiposity at six loci (NEGR1, SEC16B, TMEM18, BDNF, FTO, and MC4R) 
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previously associated with BMI in African Americans (Chapter 2; Monda et al., 

submitted).  The results of this analysis are summarized in Table 13.  When common and 

rare variants were equally weighted, significant association was observed at SEC16B with 

SAT and VSR (P = 0.01 and 0.002, respectively) and at TMEM18 with WHR and SAT 

(P = 0.05 and 0.02, respectively).  When only rare variants were weighted in the analysis, 

significant association was observed at NEGR1 with WHR and VSR (P = 0.02 and 0.05, 

respectively), SEC16B with WAIST, VAT, and SAT (P = 0.005, 0.048, and 0.031, 

respectively), and MC4R with VSR (P = 0.039).  Common variants appear to be driving 

the association at SEC16B with VSR and at NEGR1 with WHR and SAT.  Conversely, 

the rare variants appear to be driving the association at NEGR1 with WHR and VSR, 

SEC16B with WAIST and VAT, and at MC4R with VSR.  Both common and rare 

variants at the SEC16B locus may play a role in SAT association.  Single variant 

association analysis revealed association with rare variants at SEC16B and MC4R and 

common variants at all six loci (NEGR1, SEC16B, TMEM18, BDNF, FTO, and MC4R 

(Table 12).  Our results seem to indicate that both common and rare variants at these loci 

may contribute to our understanding of adiposity in African Americans. 

In summary, we examined 99 index SNPs at 54 adiposity loci previously 

identified in recent GWAS in populations of European ancestry and 46 exonic SNPs at 6 

European-derived adiposity loci associated with BMI in African Americans for 

association with adiposity phenotypes in two African American cohorts.  Meta-analysis 

revealed 29 index SNPs and 9 exonic SNPs located at or near 19 genes associated with 

either WAIST, WHR, VAT, SAT, or VSR.  Subsequently, we performed a SKAT meta-

analysis to investigate the cumulative effect of common and rare variants on adiposity at 
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six loci.  When common and rare variants were equally weighted, significant association 

was observed at two loci (SEC16B and TMEM18) with either WHR, SAT, or VSR.  

When only rare variants were weighted in the analysis, significant association was 

observed at three loci (NEGR1, SEC16B, and MC4R) with WAIST, WHR, VAT, SAT, or 

VSR.  In previous studies, we observed an association with BMI at several of these loci 

(NEGR1, SEC16B, TMEM18, NISCH/STAB1, FTO, and MC4R) with lower effect sizes in 

African Americans (Chapters 2 and 3).  Many of these loci are highly expressed in the 

brain (and several especially in the hypothalamus), consistent with an important role for 

central nervous system processes in weight regulation.  In the present study, NEGR1 

demonstrated association with SAT; SEC16B with all five phenotypes; TMEM18 with 

WHR, VAT, and SAT; NISCH/STAB1 with WAIST, VAT, and SAT; FTO with WAIST, 

WHR, and VAT; and MC4R with SAT and VSR.  Evidence of association observed with 

multiple variants at these genes, may indicate their importance in adiposity and fat 

distribution in African Americans.  However, larger sample sizes will be required to 

confirm or refute these findings. 
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CHAPTER 5 

 

ANALYSIS OF GALNT10 VARIANTS WITH ADIPOSITY TRAITS IN AFRICAN 

AMERICANS 
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INTRODUCTION 

 O-Glycosylation is an important post-translational modification found in many 

secreted and membrane bound glycoproteins.  A family of UDP-GalNAc:polypeptide N-

acetylgalactosaminyltransferases (pp-GalNAc-T) is responsible for the initial step in the 

synthesis of mucin-type oligosaccharides by transferring GalNAc from UDP-GalNAc to 

the hydroxyl group of either a serine or threonine residue on the polypeptide acceptor 

(Perrine et al., 2009).  Glycosyltransferases play an important role in the biosynthesis of 

gangliosides, which are important for central nervous system (CNS) regulation.  

Gangliosides are synthesized in the endoplasmic reticulum and in the Golgi complex and 

move via vesicular transport to the plasma membrane, becoming components of the 

external leaflet (Crespo et al., 2004; De Matteis et al., 200).  They can undergo 

endocytosis followed by recycling to the cell surface or sorting to the golgi complex or 

lysosomes for remodeling and catabolism (Meer et al, 2006). 

Gangliosides belong to one of the major glycosphingolipids in mammals, 

concentrated in lipid microdomains, and contain different number of sialyl residues in the 

defined sugar sequence.  Sialylation of lactosylceramide leads to monosialoganglioside 

GM3, which is then converted sequentially into a-series gangliosides by the actions of 

specific glycosyltransferases (Echten et al., 1993).  Gangliosides are known to play major 

roles as mediators for cell-cell or cell-matrix recognition, and act as modulators of 

transmembrane signal transducers, and of regulating cell proliferation (Hakomori et al., 

1990).  Moreover, gangliosides are implicated in insulin resistance.  GM3 synthase-

deficient mice showed increased insulin sensitivity with enhanced insulin receptor 
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phosphorylation in skeletal muscle, and were less prone to high fat diet-induced insulin 

resistance (Yamashita et al., 2003). 

The human GalNAc-transferase gene family consists of 20 genes, of which 15 

have been cloned and functionally expressed to date (Tabak, 2010).  This is an unusually 

large number of isoforms catalyzing a single step in the biosynthesis of glycoproteins.  

Given that many of these isoforms have different peptide substrate specificities and 

different cell and tissue expression patterns, it is evident that the initiation of mucin-type 

O-glycosylation is the step in glycosylation of proteins that allows for the highest degree 

of differential regulation (Hassan et al., 2000).  The findings that defects in a single gene 

isoform result in disease in humans (Kato et al., 2006) or phenotypes in animal model 

systems, including Drosophila (Schwientek et al., 2002; Zhang et al., 2010) and mouse 

(Tenno et al., 2007; Miwa et al., 2010), strongly argue that the large gene family serves 

more than functional redundancy and that the differential regulation provided by multiple 

GalNAc-transferase isoforms is important.  It has been suggested that the diversity of O-

linked oligosaccharides on glycoproteins play functional roles such as protection from 

proteolytic degradation, alteration of substrate structural conformation, lymphocyte 

trafficking, tumor cell adhesion and proliferation (Marinaro et al., 2000; Sawada et al., 

1994).   

The expression of GalNAc-Ts family in cancer cell lines and malignant tissues 

have been examined in several studies (Qiu et al., 2006; W. W. Young, Jr. et al., 2003).  

It was concluded that the expression of GalNAc-T3 is a useful indicator of prognosis in 

patients with colorectal carcinoma (Shibao et al., 2002).  Berois et al. showed that 

GalNAc-T-6 is a new immunohistochemical breast cancer marker and GalNAc-T6 
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expression could be an early event during human breast carcinogenesis (Berois et al., 

2006).  The GALNT14 transcript is highly expressed in the kidney and may be involved 

in O-glycosylation in the kidney.  It may also be involved in the regulation of renal cell 

proliferation and apoptosis (Wang et al., 2003).   

Other diverse roles for the GalNAc-T family have also been investigated.  A 

recent study revealed the role of GALNT1 as a regulator of TGF-β signaling (Herr et al., 

2008).  The TGF-β family of secreted signaling molecules plays a pivotal role in the 

regulation of early embryogenesis, organogenesis, and adult tissue homeostasis.  Recent 

studies have shown the genetic association of GALNT2 with altered plasma lipids, which 

was validated in a mouse model, and expression of murine GALNT2 in the liver was 

shown to correlate inversely with plasma HDL cholesterol levels and is associated with 

high-density lipoprotein levels in European ancestry GWAS (White et al., 2005). 

Recently, a genome-wide association study (GWAS) of body mass index (BMI) 

performed in African Americans identified an association with two highly correlated 

SNPs, rs2033195 and rs815611, located at chromosome 5q33.2 near the GALNT10 gene 

(Ng et al., 2012).   Similarly, the CHARGE consortium performed a GWAS for BMI on 

nearly 50,000 African Americans identifying an additional novel variant, rs7708584, at 

GALNT10 (Monda et al., submitted).   GALNT10 is highly expressed in the central 

nervous system including the hypothalamus, thalamus, and amygdala (P.A. Nelson et al., 

2002).  The close relationship between adiposity and lipid levels and the recent 

identification of central nervous system regulating adiposity loci makes GALNT10 a new 

potential candidate for regulation of adiposity in African Americans. 
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In the present study, we investigated three previously identified common SNPs in 

GALNT10 (Ng et al., 2012; Monda et al., submitted), six common tagging variants 

located within the same linkage disequilibrium (LD) block as these index SNPs, and 

twelve exonic variants with the goal of providing comprehensive coverage of the 

associated region of the gene as well as any putative functional variants.  These variants 

were examined in six African American cohorts for association with BMI as well as in 

two African American cohorts for association with multiple adiposity phenotypes, 

including waist circumference (WAIST), waist to hip ratio (WHR), visceral adipose 

tissue (VAT), subcutaneous adipose tissue (SAT), and visceral to subcutaneous ratio 

(VSR).  Investigation of the association of both common and rare variants at GALNT10 is 

important to better understand the role of this gene in adiposity regulation in African 

Americans. 

RESEARCH DESIGN AND METHODS 

Subjects  

BMI analysis.  Six African American cohorts were used for this portion of the 

present study.  Cohorts 1 and 2 were derived from a type 2 diabetic nephropathy GWAS.  

The community non-diabetic cohort (cohort 1) consisted of 816 subjects who reported no 

history of diabetes were recruited from the community and internal medicine clinics at 

Wake Forest University School of Medicine (WFU).  Cohort 2 consisted of 899 subjects 

with type 2 diabetes and end stage renal disease (T2DM-ESRD) recruited from dialysis 

facilities in the southeastern U.S. (Freedman et al., 2009).  An additional community non-

diabetic cohort (cohort 3) including 621 subjects (616 unrelated subjects and 5 related 

subjects from two nuclear families) who reported no history of diabetes was recruited 
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from the community and internal medicine clinics similar to that of cohort 1.  A second 

diabetic cohort (cohort 4) consisting of 891 subjects with T2DM and 617 subjects with 

T2DM-ESRD (1005 unrelated subjects and 503 related subjects from 178 nuclear 

families) was recruited from the community, churches, health fairs, medical clinics and 

dialysis facilities. The Diabetes Heart Studies cohort (cohort 5) consisted of subjects 

recruited from the community and internal medicine clinics in two studies that examine 

the subclinical cardiovascular risk in type 2 diabetes.  A subset of 211 unrelated subjects 

from the African American-Diabetes Heart Study (Divers et al., 2010) and 81 subjects 

from the family-based Diabetes Heart Study (Bowden et al., 2006) were included in this 

study.  All subjects from cohorts 1 to 5 were recruited in North Carolina, South Carolina, 

Georgia, Tennessee, or Virginia.  The Insulin Resistance Atherosclerosis (IRAS) Studies 

cohort (cohort 6) consisted of subjects recruited from two multi-center community-based 

cohort studies, the IRAS Study (Henkin et al., 2003), and the IRAS Family Study 

(Wagenknecht et al., 1995), designed to examine the epidemiology and genetics of 

glucose homeostasis traits, respectively.  Included are 575 related subjects from 42 

families of the IRAS Family Study recruited from Los Angeles, CA and 278 unrelated 

subjects from the IRAS study recruited from Los Angeles and Oakland, CA.  

The clinical characteristics of all cohorts are summarized in Table 1. Informed 

consent was obtained from all study participants. Recruitment and sample collection 

procedures for cohorts 1 to 5 and cohort 6 were approved by the Institutional Review 

Boards at WFU and the local institutions, respectively. 

WAIST, WHR, VAT, SAT, and VSR analysis.  Two African American cohorts 

with relevant phenotypic data available were used for this portion of the present study.  



 142

The Diabetes Heart Studies cohort (cohort 7), which includes the same sample set as 

cohort 5, consisted of subjects recruited from the community and internal medicine 

clinics in two studies that examine the subclinical cardiovascular risk in type 2 diabetes.  

A subset of 459 unrelated subjects from the African American-Diabetes Heart Study 

(Divers et al., 2010) and 81 subjects from the family-based Diabetes Heart Study 

(Bowden et al., 2006) were included in this study.  The Insulin Resistance 

Atherosclerosis (IRAS) Family Study (Wagenknecht et al., 1995) cohort (cohort 8), is a 

community-based cohort study designed to examine the epidemiology and genetics of 

glucose homeostasis traits.  This cohort, consisting of a subset of cohort 6, includes 604 

related subjects from 42 families of the IRAS Family Study recruited from Los Angeles.  

 

Clinical studies 

Height and weight was measured in all study subjects.  Body mass index (BMI) is 

calculated as weight divided by square of height.  BMI ≥30 kg/m2 is considered obese.  

Waist circumference (WAIST, cm) was measured using a metric tape measure and 

consisted of the circumference of the body between the 10th rib and the iliac crest.  Waist 

to hip ratio (WHR) was calculated by taking the ratio of WAIST over the hip 

circumference (maximum circumference of the buttocks).  A CT scan was also performed 

in order to make precise measurements of abdominal fat distribution.  This procedure 

uses a standard protocol acquiring two 10-mm-thick axial images from the L2-L3 and 

L4-L5 vertebral levels after a single scout of the abdomen.  The CT scans were sent to the 

Colorado Health Sciences Center, Department of Radiology for analysis to obtain 

visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT) (cm2) area 
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measurements.  The visceral to subcutaneous ratio (VSR) was calculated using the ratio 

of VAT over SAT.  Genomic DNA was extracted from blood samples using the 

PureGene system (Gentra Systems, Minneapolis, MN).   

 

Genotyping and quality control  

A total of three previously identified index SNPs in GALNT10, six common 

tagging variants located within the same linkage disequilibrium (LD) block as these index 

SNPs, and twelve rare/exonic variants were selected for follow-up investigation of 

adiposity association African Americans.  Selection criteria for the index variants 

included SNPs that were significantly associated with BMI in previous studies in African 

Americans (Ng et al., 2012; Monda et al., submitted).  GALNT10 tagSNPs were selected 

from the 10 kb LD block (as defined by Gabriel et al., 2002) surrounding the index 

variants based on D’ measures from the HapMap YRI population.  The pairwise tagging 

algorithm in Haploview was used to select tagSNPs, with an r2 threshold of 0.8 and a 

MAF greater than 10% (Barrett et al., 2005).  The exonic SNPs were selected from the 

Exome Sequence Project (ESP) database and the T2D-GENES exome sequencing project 

and were prioritized for rare (MAF < 0.05) and putative functional SNPs.  Cohorts 1 and 

2 were genotyped at the Center for Inherited Disease Research (CIDR) using 1µg of 

genomic DNA on the Affymetrix Genome-wide Human SNP array 6.0.  Genotypes were 

called using Birdseed version 2, APT 1.10.0 and samples were grouped by DNA plate to 

determine the genotype cluster boundaries.  Genotyping of samples from cohorts 3 to 8 

was performed using the iPLEX™ Sequenom MassARRAY platform (San Diego, CA).  

The minimum and average SNP call rates for all cohorts were 95% and 98.1%, 
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respectively.  The average genotype concordance rate of 45 blind duplicates was 99.8%.  

All SNPs had Hardy-Weinberg P value ≥ 0.001 in the combined unrelated samples.  For 

related samples, genotype data identified with Mendelian inconsistency by PedCheck (v. 

1.1) (O'Connell and Weeks, 1998) were removed.     

 

Imputation of genotypes for cohorts 1 and 2 

Imputation was performed for autosomes using MACH (version 1.0.16, 

http://www.sph.umich.edu/csg/abecasis/MaCH/) to obtain missing genotypes for cohorts 

1 and 2 that underwent GWAS.  SNPs with minor allele frequency (MAF) ≥1%, call rate 

≥95% and Hardy-Weinberg P value ≥10-4 were used for imputation.  A 1:1 mixture of the 

HapMap II release 22 (NCBI build 36) CEU:YRI consensus haplotypes 

(https://mathgen.stats.ox.ac.uk/impute/ ) were used as a reference panel.  Imputation was 

performed in two steps.  For the first step, 484 unrelated African American samples were 

randomly selected to calculate recombination and error rate estimates.  In the second step, 

these rates were used to impute all samples across the SNPs in the entire reference 

panel.  Imputation results were filtered at an rsq threshold of ≥ 0.3 and a MAF ≥ 0.05.   

 

Population structure 

To account for the effect of population structure on genetic association in these 

African American samples, Principal Components Analysis (PCA) was computed on 

cohorts 1 and 2 with GWAS data by using all SNPs that passed quality control standards 

and after exclusion of regions of high linkage disequilibrium (LD) and inversions.  The 

first principal component (PC1) explained the largest proportion of genetic variation 
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(22%).  DNA samples from all cohorts, as well as 44 Yoruba Nigerians and 39 European 

Americans were genotyped for 77 ancestry informative markers (AIMs). The African to 

European ancestral proportion of each African American sample was then estimated 

using the EM algorithm implemented in the program Frequentist Estimation of individual 

ancestry proportion (FRAPPE) under a two-population model (Keene et al., 2008).  PC1 

was highly correlated with AIMs (r2 = -0.87), suggesting that PC1 largely reflected the 

ancestry proportions, and was used as a covariate for association analysis of cohorts 1 

and 2.  The mean (±SD) African ancestry proportions estimated by FRAPPE in cohorts 1 

to 6 for the BMI analysis were 0.77±0.12, 0.78±0.12, 0.77±0.12, 0.78±0.13, 0.76±0.11 

and 0.69±0.14, respectively.   

 

Statistical analyses  

Data are presented as mean ± SD or percentage, as appropriate.  BMI, WAIST, WHR, 

and VSR were natural logarithmically transformed and VAT and SAT were transformed 

by square root to best approximate conditional normality and homogeneity of variance, 

conditional on cohort, disease status, age and gender.  Data are presented as mean ± SD 

or percentage, as appropriate.  To account for potential gender and cohort differences in 

the distribution of each of the adiposity phenotypes, subjects were stratified by gender in 

each cohort and by disease status.  Within each strata, an individual was considered an 

outlier if the data was outside of four standard deviations.  A total of eight outlier 

observations were removed from further analyses.  The data were then adjusted for age in 

a linear model and residuals were standardized to a mean of zero and variance of one 
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(i.e., Z-score).  These Z-scores are the primary unit of analysis for both within individual 

cohorts and the meta-analyses.  

 

Single SNP Association. For cohorts 1 and 2, the associations of BMI Z-scores with 

SNPs were tested by linear regression under an additive model using the program PLINK 

(http://pngu.mgh.harvard.edu/~purcell/plink/), with additional covariate adjustment for 

PC1.  For cohorts 3-8, a variance component measured genotype method implemented in 

SOLAR (Almasy and Blangero 1998, http://txbiomed.org/departments/genetics/) was 

used for association tests in order to account for familial relationships within each cohort.  

Associations of BMI, WASIT, WHR, VSR, VAT, and SAT Z-scores with SNPs were 

tested under an additive model with adjustment for proportion of African ancestry.  

Familial correlation was accounted for using a kinship coefficient matrix, in which a 

correlation was calculated for each set of related pairs.   

 

Meta-analysis. Association results from all cohorts were combined using the inverse 

variance weighted method implemented in METAL 

(http://www.sph.umich.edu/csg/abecasis/metal/). For loci showing multiple associations, 

conditional SNP analyses that include multiple SNPs as independent variables were 

performed using variance component method in the pooled samples to evaluate the 

independence of the association signals. 

 

SKAT analysis. All 21 SNPs at the GALNT10 locus were examined to determine the 

cumulative effect of rare and common variants on adiposity at this locus using a sequence 
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kernel association test (SKAT) (Wu et al., 2011).  This method uses a multiple regression 

model to directly regress the phenotype on genetic variants in a region and on covariates, 

and so allows different variants to have different directions and magnitude of effects, 

including no effects. SNP i was weighted by minor allele frequency using the beta 

distribution density function ��� � ����	
���; ��, ���. When �� and �� are equal to 

one, the C(1,1) model assumes equal weight for rare and common SNPs.  The C(1,25) 

model puts weights on rare SNPs only.  Fam-SKAT, developed by Drs. Han Chen and 

Josee Dupuis (Boston University) as a modification of SKAT, was used to accommodate 

family structure for cohorts with related samples.  Meta-SKAT was used to combine the 

results from the Fam-SKAT for cohorts 5-8 and SKAT analyses for cohorts 1-4. 

All statistical tests were performed by PLINK or SAS v.9.1 (SAS Institute, Cary, 

NC, USA) unless specified otherwise.  Posterior study power was calculated using 

genetic power calculator (Purcell et al., 2003).  A nominal P value < 0.05 in the meta-

analysis was considered as evidence of significance. 

RESULTS 

Clinical characteristics of the study samples 

The clinical characteristics of the study samples in cohorts 1-6 for the adiposity measures 

analyses are shown in Table 1.  In view of the heterogeneous phenotypes among the 

study cohorts, Z-scores for all phenotypes were calculated in sex- and disease-specific 

strata and then combined in each cohort separately for association analyses.  The genetic 

correlations between all adiposity phenotypes in cohorts 7 and 8 are presented in Table 

17. 
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 We genotyped three index SNPs (rs2033195, rs815611, and rs7708584) located at 

the GALNT10 gene associated with BMI in African Americans in previous studies (Ng et 

al., 2012; Monda et al., submitted), six common tagging SNPs, and eleven exonic 

variants selected using the ESP database and T2D-GENES exome sequencing project 

data.  These variants were first examined in six African American cohorts to investigate 

association with BMI and subsequently in two of the African American cohorts to 

investigate association with other adiposity phenotypes (WAIST, WHR, VAT, SAT, and 

VSR).  The results of the common variants (index and tagging) for BMI association are 

summarized in Table 3.  The results of the exonic variants for BMI association are 

summarized in Table 4.  The results of the common variants with all other adiposity 

phenotypes are included in Tables 5-9.  The results of the exonic variants with all other 

adiposity phenotypes are included in Tables 10-14.  Table 15 provides a summary of 

meta-analysis results with all SNPs and all phenotypes. 

 After meta-analysis, seven common variants (rs2033195, rs6890277, rs815611, 

rs7719067, rs7708584, rs4958361, and rs1366219) at GALNT10 were associated with 

BMI (3.64x10-6 < P < 0.001) with effect sizes between 0.01 and 0.097 SD units of BMI.  

We observed high correlation between rs815611, rs2033195, and rs6890277 in our 

samples (0.94 < r2 < 0.98).  There is also modest correlation between rs7719067 and 

rs7708584 (r2=0.79).  Despite the success of the common variants, none of the exonic 

variants were associated with BMI after meta-analysis.  Rs6580077 was moderately 

associated in cohort 2, however (P = 0.025).   

 Meta-analysis of all common variants with other adiposity phenotypes did not 

reveal any significant associations.  However, rs10062145 and rs11749958 were 
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nominally associated with VAT in cohorts 8 and 7, respectively (P = 0.042 and 0.031, 

respectively).  Meta-analysis of all exonic variants revealed only one SNP significantly 

associated with other adiposity phenotypes.  Rs34449026 was associated with WHR, 

VAT, and SAT (0.018 < P < 0.045) with effect sizes between 0.13 and 0.15 SD units.  

However, rs35448914 was nominally associated with WAIST and SAT in cohort 7 (P = 

0.006 and 0.028, respectively) and rs6580076 and rs57257286 were associated with VSR 

in cohort 7 (P = 0.022 and 0.036, respectively). 

 In addition to the single variant association analyses, we performed a SKAT 

analysis to test the cumulative effect of both common and rare variants on adiposity at the 

GALNT10 locus (Table 16).  When all variants were equally weighted, GALNT10 was 

significantly associated with BMI (P = 1.93x10-6), but not with any of the other 

phenotypes.  When only rare variants were weighted, GALNT10 was not significantly 

associated with any of the phenotypes. 
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DISCUSSION 

 We examined three index SNPs located at GALNT10 associated with BMI in 

previous studies in African Americans (Ng et al., 2012; Monda et al., submitted), six 

common tagging variants covering the LD block surrounding the index SNPs, and eleven 

exonic variants at the same locus for association with six adiposity phenotypes (BMI, 

WAIST, WHR, VAT, SAT, and VSR) in African Americans.  After meta-analysis, seven 

common variants (rs2033195, rs6890277, rs815611, rs7719067, rs7708584, rs4958361, 

and rs1366219; 0.28 < r2 < 0.97) were significantly associated with BMI at 3.64x10-6 < P 

< 0.001 and one exonic variant (rs34449026) was significantly associated with WHR, 

VAT, and SAT at 0.018 < P < 0.045 (Table 15).  Additionally, we performed a SKAT 

analysis to examine the cumulative effect of both common and rare variants at GALNT10 

on adiposity in African Americans (Table 16).  We all variants were equally weighted, 

significant association was observed with BMI (P = 1.93x10-6).  When only rare variants 

were weighted (MAF<0.05), GALNT10 was not significantly associated with any of the 

adiposity phenotypes. 

 Previously, two highly correlated variants (rs2033195 and rs815611; r2 = 0.94) 

were identified in a GWAS of BMI in African Americans (Ng et al., 2012).  These 

variants were significantly associated after GWAS including 1,715 samples (P = 4.05x10-

5 and 2.00x10-4, respectively).  Replication including 3,274 African Americans yielded P-

values at 0.0082 and 0.004, respectively.  Meta-analysis, including all 4,989 samples, 

yielded P-values of 5.57x10-6 and 5.36x10-6 with effect sizes of 0.094 and 0.095 SD units 

of BMI, respectively.  In the present study, which used the same sample set as the GWAS 

performed by Ng et al., we had 99% power to detect association with rs2033195 and BMI 
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at α-level of 0.05 under an additive model, given our sample size, an effect allele 

frequency of 0.57 and an effect size of 0.093 SD units of BMI. We also had 99% power 

to detect association with rs815611 and BMI at α-level of 0.05, given an effect allele 

frequency of 0.58 and an effect size of 0.096 SD units of BMI.  Despite the significant 

association with these two variants and BMI, we did not observe association with any of 

the other adiposity phenotypes, though there was trending association with SAT (P = 

0.06 for rs2033195; P = 0.09 for rs815611).  However, BMI effect sizes of 0.093 and 

0.096 SD units of BMI were observed for these two variants, comparable to those 

observed for SAT (0.096 and 0.089 SD units of SAT, respectively), while the effect sizes 

observed for VAT were much smaller (0.01 and 0.012 SD units of VAT, respectively).  

In our sample set, BMI and SAT are highly correlated (r2 = 0.94), while BMI and VAT 

are more moderately correlated (r2 = 0.82), which may suggest why a weak association is 

observed with SAT, but not with VAT (P = 0.26 for rs2033195; P = 0.24 for rs815611).  

Additionally, a lack of study power (<80%) may also explain why we were unable to 

detect significant association with any other adiposity phenotypes.  We had a 

significantly smaller sample size with which to examine these other adiposity phenotypes 

(n = 867 vs. 4992).  At least twice the sample size would be required in order to have 

adequate power. 

 In a meta-analysis of BMI GWAS in African Americans (including nearly 50,000 

samples), another novel variant (rs7708584) at the GALNT10 locus was identified 

(Monda et al., submitted).  This variant was significantly associated with BMI after the 

discovery, follow-up, and combined stages (P = 8.02x10-9, 0.006, and 4.52x10-10, 

respectively).  They observed an effect size of 0.042 SD units of BMI.  After meta-
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analysis, we observed significant association with rs7708584 at P = 3.71x10-5 and an 

effect size of 0.091 SD units of BMI.  This is considerably larger than that observed by 

the CHARGE study, despite the same effect allele frequency of the variant in both studies 

(EAF=0.32).  We had 99% power to detect association with BMI at α-level of 0.05, given 

our effect size and an effect allele frequency of 0.32.  This variant was weakly correlated 

with either rs2033195 or rs815611 (r2 = 0.269 using YRI from HapMap).  Conditional 

analysis including all three variants removed the significant association, suggesting that 

they represent dependent association signals.  

In addition to BMI, they also examined rs7708584 for association with WAIST 

and WHR in 20,000 African Americans and were unable to replicate association after 

adjustment for BMI (P = 0.892 and 0.8375, respectively).  Similarly, we did not observe 

association with rs7708584 with WAIST and WHR in our study as well (P = 0.371 and 

0.980, respectively).  This variant was also not significantly associated with VAT, SAT, 

or VSR after meta-analysis (P > 0.05).  Again, a lack of study power given our smaller 

sample size may explain why association was not observed with these other adiposity 

phenotypes.  For example, we observed an effect size of 0.048 SD units for rs7708584 

with WAIST, and given the effect allele frequency and our sample size, we had 15% 

power to detect association at α-level of 0.05 under an additive model.  Nearly 8,000 

samples would be required in order to achieve good power at this locus. 

 In addition to the three index SNPs at GALNT10, we also examined six common 

tagging variants located in the same LD block in the HapMap YRI population.  Of these 

six variants, four (rs6890277, rs7719067, rs4958361, and rs1366219) were significantly 

associated with BMI after meta-analysis in six African American cohorts at 3.64x10-6 < P 
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< 0.001.  We observed effect sizes between 0.068 and 0.097 SD units of BMI.  These six 

SNPs were not highly correlated in our samples (r2 < 0.8), though rs6892077 is highly 

correlated with rs2033195 and rs815611 (r2 = 0.98) and rs7719067 is moderately 

correlated with rs7708584 (r2 = 0.79).  Conditional analysis including all nine common 

variants (index and tagging), revealed modest residual association for rs77085484 and 

rs1366219 (P = 0.03 and 0.02, respectively), suggesting that they may represent 

independent signals.  

 Genome-wide association studies have been very successful in identifying 

common genetic variation associated with numerous complex diseases.  However, most 

common genetic variants confer only modest risk and account for a small proportion of 

the total heritability of inherited disease variation (Hindorff et al., 2009).  There is strong 

evidence that rare variants play an important role in complex disease etiology and may 

have larger genetic effects than common variants (Manolio et al., 2009).  Moreover, the 

identification of rare variants may facilitate in pinpointing causality.  It can be more 

difficult to attribute causality to the majority of loci identified through GWAS studies, as 

high linkage disequilibrium (LD) makes it difficult to use association mapping to 

determine exactly which variant is functionally relevant.  In addition, when (common or 

rare) SNPs map to genomic regions that do not have a clear role, elucidating their effects 

can become especially challenging (Asimit and Zeggini).  This may be simplified by 

searching for disease-associated rare variants in known functional genomic regions.  

Additionally, it may be simpler to at least infer causality at a locus that contains both 

common and rare disease-associated variants.  Therefore, in addition to the index and 

tagging SNPs, we also examined eleven exonic variants located in the coding region of 
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GALNT10.  These variants were selected from the ESP database and T2D-GENES exome 

sequencing project data and were prioritized for rare (MAF < 0.05) and putative 

functional SNPs.   

 After meta-analysis, we observed association with one exonic variant 

(rs34449026) and WHR, VAT, and SAT at 0.018 < P < 0.045 and effect sizes between 

0.13 and 0.15 SD units but not associated with BMI (Table 15).  We had good power 

(80%) to detect association with VAT at α-level of 0.05 under an additive model, given 

an effect size of 0.15 SD units and an effect allele frequency of 0.28.  This variant is 

fairly common (MAF = 0.28) and is a synonymous mutation.  The G allele was 

associated with increased WHR, VAT, and SAT across both cohorts, and may suggest 

association with visceral obesity in particular. 

 In addition to single variant association analyses, which are often statistically 

underpowered to detect association with rare variants, we also performed a SKAT 

analysis to assess the cumulative effect of common and rare variants on adiposity at the 

GALNT10 locus in African Americans (Table 16).  When all variants were equally 

weighted, GALNT10 was significantly associated with only BMI (P = 1.93x10-6).  When 

only rare variants were weighted, GALNT10 was not significantly associated with any of 

the phenotypes.  These results seem to indicate that the strong associations at the 

common variants at the GALNT10 locus are driving the association with BMI.   

GALNT10 belongs to the polypeptide N-acetylgalactosaminyltransferase (pp-

GalNAc-T) gene family.  The GALNT10 protein catalyzes the first step in the synthesis of 

mucin-type O-glycosylation, which is a common post-translational modification of 

secreted and membrane-associated proteins (Perrine et al., 2009).  The GALNT10 protein 
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is expressed at high level in the small intestine, and at intermediate levels in the stomach, 

pancreas, ovary, thyroid gland and spleen (Cheng et al., 2002).  Expression of GALNT10 

was reported in several distinct hypothalamic, thalamic and amygdaloid nuclei in the 

mouse central nervous system using in situ hybridization analysis (Nelson et al., 2002).   

Interestingly, the most significantly associated index and tagging SNPs are 

actually intronic; located between 30 and 80 kb from GALNT10 transcription start site. 

The other two nearest genes in the region are MFAP3 and FAM114A2.  MFAP3 

(microfibrillar-associated protein 3, 5q32-q33.2) is nearly 100 kb from the closest index 

signal and encodes a protein involved in the component of the elastin-associated 

microfibrils.  Located 125 kb upstream is FAM114A2 (family with sequence similarity 

114, member A2, 5q31-q33).  However, these genes are located outside the associated 

LD block and have not been reported to be associated with adiposity traits or involved in 

the biological pathways of these traits.  

In conclusion, we examined three index SNPs at GALNT10 previously associated 

with BMI in African Americans, six common tagging SNPs covering the LD block in 

which the index variants reside, and eleven exonic variants for association with six 

adiposity phenotypes (BMI, WAIST, WHR, VAT, SAT, and VSR) in African 

Americans.  We confirmed BMI association with all three index variants (rs2033195, 

rs815611, and rs7708584; 3.71x10-6 < P < 7.26x10-6) and observed BMI association with 

four of the six tagging SNPs (rs6890277, rs7719067, rs4958361, and rs1366219; 

3.64x10-6 < P < 0.001).  We also observed association with one exonic variant 

(rs34449026) and WHR, VAT, and SAT (0.018 < P < 0.045).  Subsequent SKAT 

analysis, including all variants, confirmed association of common variants of GALNT10 
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and BMI (P = 1.93x10-6).  Our results suggest that the GALNT10 locus may play an 

important role on BMI modulation in African Americans, however further examination 

and functional analyses may be required to confirm these findings. 
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CHAPTER 6 

 

SUMMARY AND CONCLUSIONS 
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Overweight and obesity directly affects a majority of adults in the most developed 

countries of the world, and is a contributor to personal and economically burdening 

comorbidities, such as T2DM and CVD.  The prevalence of obesity, defined as a BMI 

greater than 30kg/m2, has seen a dramatic increase worldwide in the last decades for both 

sexes and for all ages and populations.  Ethnic minorities are disproportionately affected 

by obesity, exhibiting greater incidences that persist despite adjustment for environmental 

factors.  According to the National Health and Nutrition Examination Survey (NHANES) 

conducted in 2003-2004, about 31% of European American adults are obese and 4% are 

morbidly obese.  In African Americans, the corresponding rates (45% and 11%, 

respectively) are even more disconcerting.  Environmental and lifestyle factors may 

explain some but not all of the race disparity in disease prevalence; genetic factors may 

lead to the higher susceptibility of obesity in this population.  Defining genes that affect 

obesity in African Americans may identify novel pathways for regulation of adiposity, 

which contributes strongly to many common diseases including type 2 diabetes, 

cardiovascular disease, and hypertension.  

This thesis explored the differences in genetic variation in obesity between 

European- and African-derived populations, investigated whether novel or established 

variants modulate adiposity in African Americans, considered the implications of 

replication and lack of replication of these variants, and evaluated the impact on the 

genetics of this disease.  The global objective was to examine the influence of adiposity 

loci recently identified in Europeans in multiple African American populations to 

elucidate the genetic differences between these two ethnicities.  We hypothesized that 

there are shared genetic factors contributing to the modulation of obesity between 
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European- and African-derived populations.  The work presented here encompassed 

several projects, each with the goal of exploring different elements of this overarching 

hypothesis.  In Chapter 2, over 50 novel European-derived adiposity loci, including 99 

index variants, were assessed for association with body mass index in six African 

American cohorts.  Subsequently, 50 exonic variants located in the coding regions of 

these previously examined adiposity loci were investigated for BMI association in the 

same six African American cohorts.  The association of both index and exonic variants at 

these European-derived loci was also examined with additional measures of adiposity 

(including WAIST, WHR, VAT, SAT, and VSR) in African Americans.  Finally, the role 

of coding and noncoding variants at the GALNT10 gene, a novel obesity risk locus 

identified in African-derived populations, was further explored in African Americans.   

Recent genome-wide association studies (GWAS) and meta-analyses have 

identified over 50 novel loci associated with adiposity in European-derived populations.  

However, limited study of these loci has been reported in African Americans.  In Chapter 

2, our goal was to examine the influence of SNPs at these recently identified adiposity 

loci on BMI in multiple African American populations. 

Overall, we examined 99 index SNPs at 54 loci identified in recent genome-wide 

association studies in European-derived populations for association with BMI in six 

African American cohorts.  Meta-analysis revealed twelve SNPs located at or near 8 loci 

(NEGR1, SEC16B, TMEM18, NISCH/STAB1, SH2B1, FTO, MC4R, and QPCTL), 

showing suggestive association with BMI.  Although none of the SNPs showed 

significant association across all six cohorts due to modest sample size, the consistent 
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direction of association with the European data may indicate their role in the modulation 

of BMI levels in African Americans.  

Genome-wide association studies have been very successful in identifying 

common genetic variation associated with numerous complex diseases (Hindorff et al., 

2009).  However, most of the identified common genetic variants confer only modest risk 

and few causal alleles have been identified (Manolio et al., 2009).  This has led to the 

reexamination of the contribution of environment, gene-gene and gene-environment 

interactions, and rare genetic variants in complex diseases (Dickson et al.; Hindorff et al., 

2009; McClellan and King).  There is strong evidence that rare variants play an important 

role in complex disease etiology and may have larger genetic effects than common 

variants (Manolio et al., 2009).  

In order to explore this concept, we selected 50 exonic variants, from six loci 

(NEGR1, SEC16B, TMEM18, BDNF, FTO, and MC4R) associated with BMI in African 

Americans (Chapter 2) from the Exome Sequence Project (ESP) database and from the 

T2D-GENES exome sequencing project.  Chapter 3 examined the effect of these 

predominately rare, exonic variants and their relative impact on BMI association as 

compared to the common variants.  Meta-analysis revealed four SNPs (rs3813649, 

rs7522194, rs35891059, and rs7413442) located at the SEC16B gene showing suggestive 

association with BMI in a consistent direction.  As single variant association analyses of 

rare variants are typically underpowered, locus-based tests are necessary to achieve good 

power to detect an association.  Using the sequence kernel association test (SKAT), we 

examined 50 exonic SNPs and 38 previously investigated BMI-associated index SNPs to 

assess the cumulative effect at all six loci.  When rare and common variants were equally 
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weighted, SKAT meta-analysis revealed an association with BMI for three loci (NEGR1, 

SEC16B, and MC4R).  However, when only rare variants were weighted, all associations 

disappeared.  This indicates that the common variants are driving the associations at these 

loci. 

Anthropometric measurements such as BMI, waist circumference, and waist-to-

hip ratio are used in large epidemiologic studies to define overweight and obesity, 

estimate body fat distribution, and/or estimate health risks related to metabolic syndrome.  

Increments in anthropometric measurements are presumed to correspond with increasing 

body fat.  Of particular interest is an increase in VAT, since it is more metabolically 

active than other adipose tissue sites (Jensen, 2002) and appears to contribute to many 

metabolic abnormalities associated with body weight gain (Berg and Scherer, 2005; 

Bonora, 2000; Ding et al., 2004; You et al., 2004).  Some studies have shown that there 

are racial/ethnic differences in relationships between anthropometric measures of central 

adiposity and computed tomography determined VAT. 

In Chapters 2 and 3, we examined 99 index variants at 54 European-derived 

adiposity loci (Chapter 2) and 50 exonic variants, from six of these loci (NEGR1, 

SEC16B, TMEM18, BDNF, FTO, and MC4R) (Chapter 3) for association with BMI in 

African Americans.  In Chapter 4, we aimed to further examine the association of these 

index and exonic variants with other measures of adiposity; including, VAT, SAT, VSR, 

WAIST, and WHR.  Performing association analyses using additional adiposity 

phenotypes is important to understand if there are shared genetic effects that modulate fat 

distribution across different populations. 
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Meta-analysis revealed 29 index SNPs and 9 exonic SNPs located at or near 19 

genes associated with either WAIST, WHR, VAT, SAT, or VSR.  Multiple signals were 

observed at SEC16B, TMEM18, BDNF, FTO, and MC4R, potentially indicating their role 

in the modulation of adiposity and fat distribution in African Americans.  SKAT analysis 

revealed significant association at SEC16B with SAT and VSR and at TMEM18 with 

WHR and VSR, when common and rare variants were equally weighted.  When only rare 

variants were weighted in the analysis, significant association was observed at NEGR1 

with WHR and VSR, SEC16B with WAIST, VAT, and SAT and MC4R with VSR.  

Common variants appeared to be driving the association at SEC16B with SAT and VSR 

and at NEGR1 with WHR and SAT.  Conversely, the rare variants appeared to be driving 

the association at NEGR1 with WHR and VSR, SEC16B with WAIST, VAT, and SAT, 

and at MC4R with VSR.  Our results seem to indicate that both common and rare variants 

at these loci may contribute to our understanding of adiposity in African Americans. 

Recently, a genome-wide association study (GWAS) of body mass index (BMI) 

performed in African Americans identified an association with two highly correlated 

SNPs located at chromosome 5q33.2 near the GALNT10 gene (Ng et al., 2012).   

Similarly, the CHARGE consortium performed a GWAS for BMI on nearly 50,000 

African Americans identifying an additional novel variant at GALNT10, associated in all 

three stages (Monda et al., submitted).   GALNT10 belongs to the polypeptide N-

acetylgalactosaminyltransferase (pp-GalNAc-T) gene family.  The GALNT10 protein 

catalyzes the first step in the synthesis of mucin-type O-glycosylation, which is a 

common post-translational modification of secreted and membrane-associated proteins 

(Perrine et al., 2009).  The GALNT10 protein is expressed at high level in the small 
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intestine, and at intermediate levels in the stomach, pancreas, ovary, thyroid gland and 

spleen (Cheng et al., 2002).  Expression of GALNT10 was reported in several distinct 

hypothalamic, thalamic and amygdaloid nuclei in the mouse central nervous system using 

in situ hybridization analysis (Nelson et al., 2002).  The close relationship between 

adiposity and lipid levels and the recent identification of central nervous system 

regulating adiposity loci makes GALNT10 a new potential candidate for regulation of 

adiposity in African Americans. 

In Chapter 5, we investigated three previously identified common SNPs in 

GALNT10 (Ng et al., 2012; (Monda et al., submitted), six common tagging variants 

located within the same linkage disequilibrium (LD) block as these index SNPs, and 

twelve rare/exonic variants with the goal of providing comprehensive coverage of the 

gene.  These variants were examined in six African American cohorts for association 

with BMI and separately in two African American cohorts for association with multiple 

adiposity phenotypes (including WAIST, WHR, VAT, SAT, and VSR).  Investigation of 

the association of both common and rare variants at GALNT10 is important to better 

understand the role of this gene in adiposity in African Americans. 

After meta-analysis, seven common variants (rs2033195, rs6890277, rs815611, 

rs7719067, rs7708584, rs4958361, and rs1366219) were significantly associated with 

BMI and one exonic variant (rs34449026) was significantly associated with WHR, VAT, 

and SAT.  Additionally, we performed a SKAT analysis to examine the cumulative effect 

of both common and rare variants at GALNT10 on adiposity in African Americans.  We 

all variants were equally weighted, significant association was observed with BMI.  

When only rare variants were weighted (MAF<0.05), GALNT10 was not significantly 
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associated with any of the adiposity phenotypes.  These results seem to indicate that 

common variants at the GALNT10 locus are driving the association with BMI. 

The similarities and differences between European- and African-derived 

populations was a central theme in this thesis.  As previously discussed, ethnic minorities 

are disproportionately affected by obesity, exhibiting greater incidences that persist 

despite adjustment for environmental factors.  Studies in ethnic minorities have enhanced 

ability to detect the genetic factors underlying obesity, and also may uncover ethnic-

specific genetic factors.  The latter is supported by ethnic differences in allele frequency 

for a given variant, which are attributable to human demographic history.  Additionally, it 

is not clear whether associations found in the European samples can be consistently 

replicated in the samples of predominantly recent African ancestry:  genetic, 

environmental or phenotypic heterogeneity, gene by environment interactions, or 

different recombination histories between populations could all contribute to a lack of 

replication in African-derived populations. 

It is important to consider that the results have not been adjusted for type 1 error 

as presented, and should be considered with some caution.  One perspective on 

accounting for type 1 error would utilize a standard Bonferroni correction for all SNP and 

trait comparisons.  Such a correction may be too stringent since there is a strong prior 

hypothesis that these loci possess obesity-associated variants.  Additionally, there is a 

non-trivial amount of inter-trait and inter-SNP correlation present in this data set, which 

makes the number of conducted tests difficult to determine.  For instance, the estimated 

genetic correlation between BMI and WAIST, WHR, SAT, or VAT ranges from an r2 of 

0.61 to 0.94.  The correlations between adiposity phenotypes and SNPs present a scenario 
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for which a consistent multiple corrections strategy has not been proposed.  

Subsequently, a finite threshold of significance following a multiple comparisons 

adjustment could potentially mischaracterize the results. 

The goal of this thesis was to examine adiposity loci identified in populations of 

European descent, investigate their relevance in African American populations, and to 

determine if additional variants in the same loci with larger effects could be identified.  

While we were able to replicate association at multiple loci across all examined adiposity 

phenotypes (particularly NEGR1, SEC16B, TMEM18, FTO, and MC4R), it is clear that 

there are differences in the genetic contributors influencing obesity risk in these diverse 

populations.  These results may be due to small sample size with which we were working 

and therefore, a lack of study power.  Even more highly powered locus-wide tests may 

require a larger study sample in order to detect an association.  In addition, further 

investigation including, larger sample sizes, fine-mapping and functional analyses may be 

required to better discern these differences and to identify true risk variants in African 

Americans. 

While a great deal of effort has been made to discern the genetic components of 

obesity in African Americans, much remains to be understood so that this information 

can be used to benefit those with overt disease or predisposition to disease development.  

Two main goals of genetic research include using newly discovered and established 

genetic information in disease prediction models so that prevention can be improved and 

also enhancing treatment by incorporating disease-influencing genetic mechanisms into 

drug development and targeted therapy.  As technology continues to improve, hopefully, 

the ability to dissect genetic contributors to risk for this disease will as well.  Along with 
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environmental and lifestyle risks, these genetic contributors can be better understood so 

that a concentrated and pertinent effort towards decreasing the incidence, prevalence, and 

impact of obesity can be made. 
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GENOME-WIDE ASSOCIATION OF BODY MASS INDEX IN AFRICAN 

AMERICANS 

Maggie C.Y. Ng, Jessica M. Hester, Maria R. Wing. Jiang Li, Jianzhao Xu, Pamela J. 

Hicks, Bong H. Roh, Lingyi Lu, Jasmin Divers, Carl D. Langefeld, Barry I. Freedman, 

Nichole D. Palmer, and Donald W. Bowden (2011). Genome-Wide Association of BMI 

in African Americans. Obesity, 20(3), 622-627. doi:  10.1038/oby.2011.154 

 

INTRODUCTION 

 Obesity is a global public health problem leading to increased mortality and 

comorbidities such as type 2 diabetes (T2D), metabolic syndrome, coronary heart disease, 

stroke, cancers, liver and gallbladder disease, sleep disorders and osteoarthritis.  In US, 

the age-adjusted prevalence of obesity (defined as body mass index (BMI) ≥ 30 kg/m2) 

has increased from 15% to 34% in adults aged 20 years or older from 1980 to 2008 

despite the trend of increase has slowed down in the past decade (Flegal et al., 2010; 

Flegal et al., 2002).  Marked racial and sexual differences in the prevalence of obesity 

have been observed.  In the National Health and Nutrition Examination Survey 

(NHANES) conducted in 2007-2008, about 32% of European American adults are obese 

and 5% are morbidly obese (BMI ≥ 40 kg/m2).  More alarmingly, 44% of African 

Americans are obese and 11% are morbidly obese, with black women having substantial 

higher prevalence of obesity (50%) than black men (37%) (Flegal et al., 2010).  
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The increasing prevalence of obesity is contributed by the excessive calorie intake 

and diminished physical activity in the modern environment.  However, genetic factor 

modulates the impact of the affluent environment on each individual.  Considerable 

evidence from familial segregation and twin studies suggest a significant genetic 

contribution to BMI (Price, 1996), with heritability estimates between 60 to 90% in 

African Americans (Duncan et al., 2009; T. L. Nelson et al., 2002; Sale et al., 2005).  

Recently, large scale genome-wide association studies (GWAS) and meta-analysis 

conducted in populations of European ancestry have revealed over 40 novel adiposity loci 

associated with BMI, waist circumference and/or waist-hip-ratio (Dina et al., 2007; 

Frayling et al., 2007; Heard-Costa et al., 2009; Hinney et al., 2007; Lindgren et al., 2009; 

Loos et al., 2008; Meyre et al., 2009; Scuteri et al., 2007; Thorleifsson et al., 2009; Willer 

et al., 2009).  Many of these loci have been confirmed in Asian populations by GWAS 

(Chambers et al., 2008; Cho et al., 2009) and replication studies (Hotta et al., 2009; Ng et 

al., 2010; Tan et al., 2008).  However, only paucity of data is available in other 

populations. Replication studies in African Americans have showed lack of association of 

MC4R (Grant et al., 2009) and inconclusive association of FTO (Grant et al., 2008; Wing 

et al., 2009) with adiposity measures.  Here we reported a two-stage study including a 

GWAS on BMI in 1715 African Americans followed by replication in multiple African 

American samples. 

METHODS 

Subjects 

GWAS. The genome-wide association study (GWAS) samples include two cohorts 

of unrelated African American subjects who participate in a type 2 diabetic nephropathy 
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GWAS study. The healthy GWAS cohort (cohort 1) consists of 816 subjects recruited 

from the community and internal medicine clinics at Wake Forest University School of 

Medicine (WFU). The diabetic GWAS cohort (cohort 2) consists of 899 subjects with 

type 2 diabetes and end stage renal disease (T2DM-ESRD) recruited from the dialysis 

facilities at WFU (Freedman et al., 2009).  

Replication. The replication study samples include four cohorts of African 

American subjects. The healthy replication cohort (cohort 3) includes 621 subjects (616 

unrelated subjects and 5 related subjects from 2 nuclear families) recruited from the 

community and internal medicine clinics similar to that of cohort 1. The diabetic 

replication cohort (cohort 4) consists of 894 subjects with T2DM and 617 subjects with 

T2DM-ESRD (1005 unrelated subjects and 506 related subjects from 178 nuclear 

families) recruited from the community, churches, health fairs, medical clinics and 

dialysis facilities at WFU. The Diabetes Heart Studies cohort (cohort 5) consists of 

subjects recruited from two studies that examine the subclinical cardiovascular risk in 

type 2 diabetes. A subset of 211 unrelated subjects from the clinic-based African 

American Diabetes Heart Study (Divers et al., 2010) and 81 subjects from the family-

based Diabetes Heart Study (Bowden et al., 2006) who were recruited from the 

community, churches, health fairs and medical clinics at WFU were included in this 

study.  The Insulin Resistance Atherosclerosis (IRAS) Studies cohort (cohort 6) consists 

of subjects recruited from two multi-center population-based cohort studies that examine 

the genetic epidemiology of adiposity and glucose homeostasis in multiple ethnicities.  

Among these, 575 related subjects from 42 families of the IRAS Family Study recruited 
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at Los Angeles, CA (Henkin et al., 2003) and 278 unrelated subjects from the IRAS study 

recruited at Oakland, CA (Wagenknecht et al., 1995) were included in this study.  

Clinical studies 

All study subjects were measured for anthropometry including body weight and 

height. Body mass index (BMI) is calculated as weight divided by square of height. BMI 

≥30 kg/m2 is considered as obese. Blood samples were collected for DNA extraction 

using the PureGene system (Gentra Systems, Minneapolis, MN).  

Genotyping and quality control  

GWAS. Genotyping of GWAS samples was performed at the Center for Inherited 

Disease Research (CIDR) using 1µg of genomic DNA on Affymetrix Genome-wide 

Human SNP array 6.0.  Genotypes were called using Birdseed version 2, APT 1.10.0 and 

samples were grouped by DNA plate to determine the genotype cluster boundaries. 

Among 868,157 autosomal SNPs genotyped, 746,626 SNPs that passed quality controls 

with call rate ≥ 95%, Hardy-Weinberg Equilibrium P value ≥ 0.0001 and minor allele 

frequency ≥ 0.05 were included in subsequent data analysis.  The final dataset consisted 

of 1715 unrelated samples with BMI data for association analysis.  

Replication. SNPs were selected for replication study based on a) suggestive 

association (P ≤ 0.0001) in the meta-analysis of GWAS cohorts 1 and 2, and b) nominal 

(P < 0.05) and same direction of association in both GWAS cohorts.  A total of 59 SNPs 

were successfully genotyped for replication.  In addition, rs815611 that showed nominal 

associations in both GWAS cohorts was genotyped to confirm the association result of 

the highly correlated SNP rs2033195 (r2 = 0.94 in our GWAS samples).  Genotyping of 
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samples from replication cohorts 3 to 6 was performed using the iPLEX™ Sequenom 

MassARRAY platform (San Diego, CA).  

Population structure 

In order to account for the effect of population structure on genetic association in 

our African American samples, Principal Components Analysis (PCA) was performed on 

the GWAS cohorts using all good quality SNPs after exclusion of regions of high linkage 

disequilibrium (LD) and inversions.  In addition, 70 ancestry informative markers (AIMs) 

were genotyped in 44 Yoruba Nigerians, 39 European Americans as well as the GWAS 

and replication samples. The African to European ancestral proportion of each sample 

was estimated using the EM algorithm implemented in the program Frequentist 

Estimation of individual ancestry proportion (FRAPPE) under a two-population model 

(Keene et al., 2008).  

Statistical analyses  

Association. For the two GWAS cohorts, the associations of BMI z scores with 

SNPs were tested by linear regression under an additive model using the program 

QSNPGWA (www.phs.wfubmc.edu), with additional covariate adjustment of PC1.  For 

the four replication cohorts, a variance component measured genotype method 

implemented in SOLAR (Almasy and Blangero 1998) was used for association tests in 

order to account for familial relationship within each cohort.  Association of BMI z 

scores with SNPs were tested under an additive model with adjustment for African 

ancestry proportions. Familial correlation was accounted for using a kinship coefficient 

matrix, where a correlation was calculated for each set of related pairs. This familial 



 210

correlation was incorporated into a covariance–variance matrix used in the tests of 

significance. 

Meta-analysis. Association results from the two GWAS cohorts were combined 

using the inverse variance method implemented in METAL 

(http://www.sph.umich.edu/csg/abecasis/metal/).  Meta-analyses of the four replication 

cohorts, as well as the six GWAS and replication cohorts were also conducted using the 

inverse variance method.   

RESULTS 

GWAS  

A total of 746,626 autosomal SNPs that passed quality control were analyzed in 

816 healthy and 899 diabetic subjects (cohorts 1 and 2) separately for association with 

BMI. The inflation factors were 1.013 and 1.011 for cohorts 1 and 2, respectively.  The 

association results were combined using an inverse variance weighted meta-analysis is 

shown in Figure 1.  A total of 70 SNPs showed nominal association at P ≤ 1×10-4.  The 

most significant SNP was rs7791504 located on an intergenic region on chromosome 7 

(P = 5.47×10-9).  

Replication 

In the replication stage, SNPs showing nominal association in individual GWAS 

cohorts (P < 0.05) with same direction of associations and meta-analysis P value ≤ 1×10-4 

were followed up.  This strategy will likely identify SNPs that are robust to the 

heterogeneous phenotype of our cohorts.  Sixty SNPs were successfully genotyped in 

3277 subjects from four replication cohorts.  The most significant SNP from GWAS, 

rs7791504, was not significant in either individual or combined replication cohorts (P > 
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0.05).  However, four SNPs (rs6794092, rs2033195, rs815611 and rs6088887) located on 

chromosomes 3, 5 and 20 were nominally associated with BMI (0.004 < P < 0.05) in the 

meta-analysis of the four replication cohorts.  

Meta-analysis of GWAS and replication 

The association results of these 60 SNPs in all six GWAS and replication cohorts 

were further combined by meta-analysis to evaluate their overall effects.  Among these, 

five SNPs showed suggestive associations at P < 1×10-4 with effect size between 0.091 to 

0.167 SD unit (or ~0.67 to 1.24 kg/m2) of BMI for each copy of effect allele (Table 2).  

Of note, the four nominally associated SNPs in the replication study (rs6794092, 

rs2033195, rs815611 and rs6088887) showed the same direction of associations in all six 

cohorts.  In addition, the former three SNPs became more significant (2.4×10-6 < P < 

2.5×10-5) when compared to the GWAS results alone (3.9×10-6 < P < 2×10-4).  

Rs2033195 and rs815611 (5.4×10-6 < P < 5.6×10-6) located between the genes MFAP3 

and GALNT10 on chromosome 5 are highly correlated in our samples (r2 = 0.94) 

supporting the effect of this locus on BMI.  Rs268972 showed trend of association in the 

replication phase (P = 0.06) but did not show stronger association than the GWAS 

results, as was rs6088887 (Table 2). 
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APPENDIX 2 

 

DETERMINATION OF BEST SURROGATE SAMPLE SET FOR AFRICAN 

AMERICANS AMONG HAPMAP POPULATIONS 

 

INTRODUCTION 

Studies have illustrated a genomic pattern whereby stretches of DNA, aggregated 

in haplotype blocks, are inherited together over time and separated by short stretches 

where recombination events occur often (Daly et al., 2001).  The DNA contained within 

haplotype blocks has been found to have relatively little sequence diversity, which can be 

thoroughly captured by as little as three SNP haplotypes an estimated 80% of the time 

(Patil et al., 2001).  LD is a situation in which a combination of alleles or variants are 

inherited more often in a population than would be expected by statistical chance.  A high 

LD implies that variants are inherited together nearly always (and thus exist in the same 

haplotype block), and a low LD implies that the variants are independently assorting 

(separated by recombination).  

Due to different evolutionary and migration histories, patterns of LD may vary 

substantially across populations.  The transferability of GWAS findings from one 

population to other populations depends on the similarity of the linkage disequilibrium 

between the functional variant and the associated SNPs across these populations; 

dissimilar patterns of linkage disequilibrium may result in a failure to reproduce the 

initial association signals (Teo et al., 2009).  This may be attributed to:  a shared causal 

variant between the populations that exhibits different allelic architecture across the 
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populations, in either the frequency of the functional allele or the degree of LD with the 

assayed SNPs; allelic heterogeneity at the locus across these populations, in which 

different mutations at the same gene are functionally responsible for the same trait; and 

substantial environmental contribution to the genetic influence of this locus. 

African Americans represent an admixed population, carrying segments of DNA 

on their chromosomes that are derived from both European American (~20% of 

chromosomal regions) and West African (~80%) ancestral populations.  These ancestral 

populations were subjected to differing demographic history, resulting in different allele 

frequencies and linkage disequilibrium patterns in their genomes.  In general, LD tends to 

be more conserved in non-African populations, extending over longer regions.  Thus it is 

possible that specific genetic variants associated with disease in European populations 

may not be associated in African American individuals.  Carrying out genetic association 

analyses in different ethnic populations with disparate patterns of LD may be useful to 

fine map genetic loci and potentially identify causal variants.  To discover potentially 

more informative variants in African Americans, we decided that dense fine-mapping 

should be performed in a subset of the previously identified adiposity loci (Chapter 2) 

that replicated association in our African American cohorts as well as in other African 

American studies.  We believed that a locus-wide search would aid in determining 

whether these loci are relevant in African Americans.  

Linkage disequilibrium makes it feasible to select relatively few “tag SNPs” from 

a high LD haplotype block to gain adequate information on the entirety of a specific 

block.  The tag SNP approach is one of the most effective methods to achieve genomic 

coverage within a particular region.  We intended to use the pairwise tagging algorithm 
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implemented in Haploview to adequately cover the regions surrounding the previously 

genotyped index SNPs (Chapter 2).  However, we needed to determine which HapMap 

population would serve as the best surrogate population for our samples for SNP tagging:  

a Yoruban population from Ibadan Nigeria, West Africa (YRI) or an African American 

population from the South Western United States (ASW).  We also wanted to determine 

if the LD structure surrounding selected BMI loci in our AA cohorts is more similar to 

that of the YRI population or if it lies somewhere between that of a European-derived 

population (CEU) and YRI. 

METHODS 

First, we selected three European-derived BMI loci in which there is a large allele 

frequency difference for the index SNP between CEU and YRI populations in HapMap:  

BDNF, FTO, and MC4R.  We then created a list of variants from a 250 kb range upstream 

and downstream of the index SNP.  The genotyped and imputed SNPs were extracted 

from a cohort of non-diabetic African American subjects from our GWAS study (See 

Chapter 2, Cohort 1).  Using Haploview, SNPs common to CEU, YRI, ASW, and our AA 

subjects were selected and D’ and r2 plots were constructed for each population (Figures 

1-6).  Pairwise LD between markers was then calculated and the r2 values were compared 

between the different populations.  R2 values from each pair were plotted followed by a 

linear regression analysis to determine the correlation between those values (Figures 7-9).  

RESULTS 

Figures 1-6 suggest that, as expected, the LD structure and r2 of our AA cohort 

lies somewhere between the larger haplotype blocks observed in CEU and the smaller 

stretches observed in the YRI population.  The LD structure of the HapMap ASW 
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population appears more similar to that of the YRI.  The comparison of r2 values between 

the different populations (Figures 7-9) suggests that the ASW and YRI populations are 

similarly correlated with our African American samples.  Based on these results, we 

determined that using the YRI population as a surrogate for SNP tagging would be the 

best approach as there are a greater number of HapMap2 SNPs in YRI as compared to 

HapMap3 SNPs in ASW. 
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Figure 1.  BDNF:  LD structure 
CEU, YRI, WFU AA 
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Figure 2.  FTO: LD structure 
CEU, YRI, WFU AA 
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Figure 3.  MC4R: LD structure  
CEU, YRI, WFU AA 
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Figure 4.  BDNF: LD structure 
ASW, YRI, WFU AA 
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Figure 5.  FTO: LD structure 
ASW, YRI, WFU AA 
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Figure 6.  MC4R: LD structure 
ASW, YRI, WFU AA 
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Figure 7.  BDNF:  Correlation of r2 among 3 African-derived populations. 
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Figure 8.  FTO:  Correlation of r2 among 3 African-derived populations. 
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Figure 9.  MC4R:  Correlation of r2 among 3 African-derived populations. 
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APPENDIX 3 

 

CHARACTERISTICS OF SNPS IN AFRICAN AMERICANS FROM EXOME 

SEQUENCING PROJECTS (ESP & T2D-GENES) AND EXOME CHIPS 

(AFFYMETRIX & ILLUMINA) 

 

INTRODUCTION 

 Recent advances in next-generation sequencing technologies have brought a 

paradigm shift in how medical researchers investigate both rare and common human 

disorders.  The ability to cost-effectively generate genome-wide sequencing data with 

deep coverage in a short time frame is replacing approaches that focus on specific regions 

for gene discovery and clinical testing (Majewski et al., 2011).  Exome sequencing is a 

technique that focuses on only the protein-coding portion of the genome.  While whole 

genome sequencing remains prohibitively expensive for most applications, exome 

sequencing is not only high-throughput it is also more economical.  Recent successes 

using this technology have uncovered genetic defects with a limited number of probands 

regardless of shared genetic heritage.  It is also changing the current approach to 

Mendelian disorders where soon all causative variants, genes, and their relation to 

phenotype will be uncovered (Majewski et al., 2011).  The expectation is that this 

technology will allow for the identification of all the variants in an individual’s genome 

and, in particular, clinically relevant alleles.  Exome chips use proven chip-based 

genotyping technology to genotype nearly 250,000 rare functional variants identified in 
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whole-exome sequencing studies of more than 12,000 subjects, and represent a powerful 

tool for identifying rare functional variants involved in complex diseases.   

In order to provide comprehensive coverage of both the rare and the common 

variants of the previously identified European-derived BMI loci (Chapter 2), we decided 

that fine-mapping these regions via an exome chip would complement the tagging 

approach for common SNPs in our future studies.  We felt that there was potential utility 

in examining the protein-coding regions for functional variants that may have a larger 

effect.  We examined both the Affymetrix and Illumina exome chip platforms to 

determine the coverage of exome sequencing identified SNPs, focusing on coverage by 

allele frequency (rare and common) as well as by functional class (synonymous, 

nonsynonymous, etc.) in African Americans.  

METHODS 

Exome Sequencing Project (ESP) 

The National Heart, Lung, and Blood Institute (NHLBI) recently sponsored the 

multicenter Exome Sequencing Project (ESP) to identify previously unknown genes and 

molecular mechanisms underlying complex heart, lung, and blood disorders by 

sequencing the exomes of a large number of individuals measured for phenotypic traits of 

substantial public health importance (e.g., early-onset myocardial infarction, stroke, and 

body mass index).  Exome sequencing was performed on 1351 European-American (EA) 

and 1088 African-American (AA) individuals.  The data set for this study includes 

503,481 SNVs identified in 15,585 genes and 22.38 Mb of targeted sequence per 

individual.  This data can be accessed and queried via an online database 

http://evs.gs.washington.edu/EVS/.  After removal of monomorphic, duplicate, X and Y 
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chromosome, and mitochondrial SNPs, a total of 1,041,667 SNPs were examined in this 

study. 

T2D-GENES 

 The project goal of T2D-GENES is to leverage targeted deep-exome sequence 

data for 10,000 samples from five ethnicities to identify genes and variants underlying 

T2D susceptibility.  It focuses on genome-wide detection of association of exonic 

variants with T2D, including the mutational load of rare variants within genes.  500 

diabetic and 500 non-diabetic subjects from ten cohorts of five different ethnicities 

(African American, East Asian, European, Hispanic, and South Asian) were selected for 

exome sequencing.  An average of 37,811 ± 3,542,4 variants (of all classes) were 

identified per sample in all populations.  In this study, we examined 1000 African 

Americans samples from WFU and a total of 672,165 SNPs.   

Affymetrix Axiom® Exome Genotyping Array 

 Axiom Exome Arrays are based on genomic content derived from a pool of novel 

variants discovered in over 16 major human exome sequencing initiatives, most notably 

the Exome Chip Design Consortium, the NHLBI Exome Project, the Genetics of Type 2 

Diabetes program (GoT2D), the 1000 Genomes Project, the Cancer Genome Atlas 

Project, the SardiNIA exome study, the Autism Exome Sequencing Study, the UK10K 

project, and others.  The variants were ascertained by sequencing 12,000 ethnically 

diverse samples of European, African, Latino, and Asian ancestry at 20x coverage or 

higher and represent multiple disease cohorts, including type 2 diabetes, cancer, 

infectious disease, cardiovascular disease, and neurological/psychiatric disorders. A final 

set of putative functional variants was selected from this pool if the SNP or indel was 
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discovered in at least two separate individuals.  The minor allele frequency for most of 

these variants is lower than 0.001.  We examined a total of 277,537 SNPs in this study. 

Illumina Infinium HumanExome BeadChip 

 llumina Human Exome BeadChips provide coverage of putative functional exonic 

variants selected from over 12,000 individual exome and whole-genome sequences. 

Markers were identified through a close collaboration with leading geneticists with the 

goal of developing an extensive catalog of exome variants.  The exonic content consists 

of >250,000 markers representing diverse populations—including European, African, 

Chinese, and Hispanic individuals—and a range of common conditions, such as type 2 

diabetes, cancer, metabolic, and psychiatric disorders.  A total of 241,465 SNPs were 

examined in this study. 

Comparison 

 For both exome chip platforms and African American data from both exome 

sequencing projects , we compared the number and overall proportion of identified 

variants that fell within different minor allele frequency (MAF) categories (0-0.0025, 

0.0025-0.01, 0.01-0.05, and 0.05-0.5) with the functional classification of each variant 

(missense, synonymous, utr, etc.; Tables 1 and 2).  Additionally, the number of 

overlapping variants between the exome sequencing projects and exome chip platforms 

was compared in each MAF category (Table 3) and in each functional class (Table 4).   

RESULTS 

 We found that rare SNPs (MAF<0.0025) represent 66-69% of the SNPs in both 

the ESP and T2D-GENES projects.  Among the 1.3 million SNPs identified in these 

projects, 58% and 7% of the SNPs that did not overlap have a MAF<0.0025 and >0.0025, 
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respectively.  This may indicate that the ESP and T2D-GENES dataset is enriched for 

rare variants that are difficult to be found in other independent samples.  We also found 

that 50% more variants were identified in ESP as compared to T2D-GENES, likely due 

to a larger sample size in the former dataset.   

 When comparing the Illumina and Affymetrix exome chip platforms, we found 

that 89% of the Illumina SNPs are present on the Affymetrix platform and 77% of the 

Affymetrix SNPs are present on the Illumina platform.  The SNPs on both platforms 

represent 25-40% of the splicing, nonsense, and missense SNPs from both ESP and T2D-

GENES and 25% of the silent SNPs from T2D-GENES.  Overall, both exome sequencing 

projects and both platforms serve as excellent resources to provide more comprehensive 

coverage of coding region of our candidate genes as well as serving to fine map these 

regions.  This comparison also allows us to decide the number and variant class of SNPs 

that are not adequately covered and that will need to be assayed separately in our future 

studies. 
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APPENDIX 4 

 

T2D-GENES:  BMI CANDIDATE GENE ANALYSIS 

 

INTRODUCTION 

 The goal of the ongoing T2D-GENES project is to leverage targeted deep-exome 

sequence data for 10,000 samples from 5 ethnicities to identify genes and variants 

underlying type-2 diabetes (T2D) susceptibility.  The multi-ethnic nature of this study 

allows for the identification of causal variants that are common in some or all 

populations, with the same or different effects across populations.  It also allows for the 

identification of multiple rare causal variants within the same functional unit in some or 

all populations with the same or different directions of effect and causal variants across 

populations.  The primary project focuses on genome-wide detection of association of 

exonic variants with T2D, including the mutational load of rare variants within genes.  

500 cases with T2D and 500 non-diabetic controls from each of 10 cohorts from 5 

ethnicities were selected for exome sequencing in this project (Table 1).  The identified 

variants will then be tested for association via single variants tests (logistic regression) as 

well as rare variant burden testing.  This will be followed by meta-analysis and mega-

analysis across all ethnic groups. 

 When we decided to utilize the fine mapping approach to provide comprehensive 

coverage of our candidate BMI loci in African Americans, in addition to common 

variants, we also wanted to focus on the rare/exonic variants within these regions 

(Chapter 3).  Initially, we selected variants identified by the Exome Sequencing Project 
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(ESP), however we also wanted to determine if we could derive further information from 

the T2D-Genes exome sequencing project.  This project included 1039 African American 

samples from Wake Forest University, constituting nearly 50% of the samples from 

cohorts 1 and 2 (see Chapter 3, Table 1) genotyped in Chapter 3.  Ideally this could 

provide additional insight into our candidate gene regions.   

METHODS 

Samples 

 The T2D-GENES study samples from the WFU African American cohort 

included 1039 type-2 diabetic and nondiabetic samples, after removal of samples failing 

QC as well as related samples.  These samples were selected from cohorts 1 and 2 of our 

GWAS study (Chapter 3, Table 1). 

BMI loci 

 A list of previously assayed European-derived BMI loci (Chapter 2) was 

compiled and all variants found within the coding regions of these genes was extracted 

from the T2D-GENES dataset.  Single variant association analysis was conducted.  The 

samples were first stratified by diabetes status as well as sex.  For each strata, the 

standardized log BMI (zlnBMI) was calculated and subsequently adjusted for age.  

Association analysis was performed for zlnBMI using PLINK and adjusting for PC1 

under the additive model. Meta-analysis was then performed to combine all four strata. 
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RESULTS 

 A list of 69 genes was compiled based on previously identified BMI loci (Chapter 

2).  From this list, nearly 2700 exonic variants were extracted from the T2D-GENES 

exome sequencing data.  Single SNP association analysis was then performed on these 

variants under the additive model followed by meta-analysis.   

 Under the additive model, 138 exonic variants in 55 genes were nominally 

associated with BMI (P < 0.05).  Multiple associations were observed in ADCY3, LRP1B, 

and MADD.  However, for many of the SNPs, the minor allele was observed in only one 

or two of the individuals genotyped.  This could be due to genotyping error or be the 

result of a private mutation.   

Contrary to what may be expected, for some of the variants, the rare allele 

appeared to be the BMI decreasing allele.  For example, 6 variants in ADCY3 were 

nominally associated with BMI.  The direction of the effect for 4 of these 6 variants was 

negative (-0.75 < β < -2.72), indicating that the rare allele is associated with decreased 

BMI.  In our current society of nutritional excess, one would expect that natural selection 

would result in a greater number of copies of an allele that is associated with decreased 

BMI and vice versa.  However, it is also necessary to consider that in previous times of 

famine, individuals that were more likely to store energy as fat had increased fitness.  In 

other words, selection would favor variants associated with increased BMI.  This may 

provide rationale behind some of the results that were observed. 

In order to determine if there is a relationship between the minor allele frequency 

and P-value of the exonic variants, the correlation between these metrics was plotted 

under the linear (additive) model (Figure 1).  The results suggest that the P-values for 
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lower frequency SNPs, particularly under the linear model, do tend to be more 

significant; the lower the minor allele frequency the stronger the association.  However, it 

is unclear if these represent true associations or simply due to one or few outliers with 

extreme BMI carrying rare variants. 

  In order to better understand the impact of very rare variants on BMI, two variants 

in two genes demonstrating nominal association with BMI were selected for comparison, 

rs115329263 in ADCY3 and var_5_153765934 in GALNT10 (Table 4, A-B).  The mean 

BMI and mean standardized log BMI (zlnBMI) was calculated for all individuals 

possessing two copies of the rare allele, one copy, or no copies.  For the ADCY3 variant, 

while no individuals carried two copies of the minor allele, the mean BMI for two 

individuals carrying 1 copy of the rare allele was 17.86 ± 3.50, around 1.5 – 2.8 standard 

deviations below the overall mean.  Individuals carrying only the common allele had a 

mean BMI of 29.43 ± 7.32.  In this case, the rare allele is associated with decreased BMI 

(P = 0.002).  For the GALNT10 variant, one individual carrying one copy of the rare 

allele had a BMI of 46.97, or 2.19 standard deviations from the overall mean.  Individuals 

homozygous for the common allele had a mean BMI of 29.58 ± 6.83.  This suggests that 

the rare allele for this SNP is associated with increased BMI (P = 0.029).  However, these 

results are based on SNPs that are nearly monomorphic (only one or two copies of the 

rare allele) and will require a larger sample size to provide greater evidence. 
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Figure 1. Relationship between MAF and P-value. 
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Table 4. BMI genotypic means for selected loci. 

 

A. ADCY3 

  

 

 

 

B. GALNT10 

 

1/1 1/2 2/2 P

N 0 2 1037 0.002

mean bmi - 17.86 ± 3.50 [20.33, 15.39] 29.43 ± 7.32 -

mean zlnbmi - -2.14 ± 0.88 [-1.52, -2.77] 0.004 ± 0.99 -

rs115329263 - ADCY3

1/1 1/2 2/2 P

N 0 1 1038 0.029

mean bmi - 46.97 29.58 ± 6.83 -

mean zlnbmi - 2.19 -0.002 ± 0.99 -

var_5_153765934 - GALNT10
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APPENDIX 5 

 

BURDEN TEST OF EXONIC VARIANTS IN GALNT10 

 

INTRODUCTION 

 Recently, our genome-wide association study of BMI performed in African 

Americans identified an association with two highly correlated SNPs located on 

chromosome 5q33.2 near the GALNT10 gene (Appendix 1; Ng et al., 2012).  In a follow-

up study, additional variants in the GALNT10 gene were assayed in the same African 

American sample set and demonstrated significant associations (Chapter 5).  GALNT10 is 

highly expressed in the central nervous system including the hypothalamus, thalamus, 

and amygdala (P. A. Nelson et al., 2002).  A related family member, GALNT2, is 

associated with high-density lipoprotein levels in the European-ancestry GWAS 

(Kathiresan et al., 2008; Willer et al., 2008).  The closer relationship between adiposity 

and lipid levels and the recent identification of central nervous system regulating 

adiposity loci makes GALNT10 a new potential candidate for regulation of adiposity. 

 Heretofore, only common variants (MAF > 0.05) in GALNT10 have been 

investigated for association with BMI.  There has been recent interest in exome 

sequencing and the role of rare, coding variants, with a potentially stronger effect than 

that observed for common variants.  This led us to consider exploring the coding region 

of GALNT10 to determine if rare, functional variants may be driving the association with 

BMI.  Utilizing the exome sequence data from the T2D-GENES project (previously 

described in Appendix 4), we selected 46 exonic variants that were identified from the 
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coding region of GALNT10.  The majority of the identified variants were rare (MAF < 

0.05).  Single variant association analysis of these variants proved discouraging.  While 

single variant tests are typically conducted to investigate associations of common variants 

and phenotypes, the same approach has little power for testing for rare variant effects due 

to their low frequencies and large numbers.  Consequently, analysis methods that have 

greater power to detect a true association with rare variants should be considered.  The 

statistical development of rare variant analysis has been focused on testing the cumulative 

effects of rare variants in genetic regions or SNP sets.  An example of one such test is 

called a burden test.  Burden tests collapse rare variants in a genetic region into a single 

burden variable, and then regress the phenotype on the burden variable to test for the 

cumulative effect of rare variants in the region.  In order to investigate the role of the 46 

exonic variants in GALNT10 in BMI association, we used a simple form of the burden 

test, focusing on groupings by functionality.  We also hoped to explore the utility of 

employing a burden test as a method to test associations between rare variants and 

complex traits.  

METHODS 

Samples 

The sample set consisted of two African American cohorts, including subjects with type-

2 diabetes and non-diabetic subjects, for a total of 1039 samples included in an exome 

sequencing data from the T2D-GENES project.   

Burden Test 

A simple burden test was performed by first determining the rare allele for each SNP 

queried.  The genotypes were then converted into rare allele counts (i.e., if A is the rare 



 250

allele for an A/T polymorphism, then the rare allele count for the following genotypes 

would be:  AA=2, AT=1, and TT=0).  Once the rare allele count was calculated, the 

number of rare alleles per sample across all SNPs was determined.  These SNPs were 

first analyzed as a whole (all rare alleles) then grouped by functional annotation (i.e., 

missense mutation, silent mutation, and no functional class: intronic, transcript, or 

downstream) to test the cumulative effect.  Linear regression was run using BMI 

(unadjusted) and the standardized log BMI (adjusted for sex and PC1) as the independent 

variables and rare allele load as the dependent variable. 

RESULTS 

We examined 46, primarily rare, exonic variants identified within the coding 

region of the GALNT10 gene from the T2D-GENES project (Table 1).  In order to have 

greater power to detect an association with rare variants, we implemented a burden test to 

query the cumulative effect of these variants on BMI.  We performed a linear regression 

analysis under four separate conditions:  all rare alleles combined, missense mutations 

only combined, silent mutations only combined, and no functional class only combined.   

When all rare alleles were considered, with the rare allele count ranging from 0 to 

11 rare alleles, no association with BMI or zlnBMI was observed (Table 2 and Figure 1; 

P = 0.627 and 0.915, respectively).  However, when all missense mutations were 

grouped, with a rare allele count ranging from 0 to 2 rare alleles for each SNP, we 

observed moderate significance with BMI and zlnBMI was trending toward significance 

(Table 3; P = 0.045 and 0.08, respectively).  For individuals carrying no rare alleles for 

all missense mutations combined, the zlnBMI was 0.011 standard deviations below the 

mean.  For individuals carrying one rare allele for all missense mutations combined, the 
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zlnBMI was 0.341 standard deviations above the mean.  In this instance, there does 

appear to be more of a linear trend with an increased number of rare alleles in the 

missense mutations resulting in a greater BMI.  These observations are interesting from a 

functional standpoint, as missense mutations result in an amino acid change. 

When all silent mutations (mutations that do not result in an amino acid change) 

were grouped, again, no association with BMI or zlnBMI was observed (Table 4 and 

Figure 3; P = 0.283 and 0.47, respectively).  This was also the case when SNPs with no 

functional class (i.e., intronic, transcript, or downstream) were grouped (Table 5 and 

Figure 4; P = 0.861 and 0.623, respectively). 

While burden tests may be a more powerful method to detect an association with 

rare variants, our results proved inconclusive.  Interestingly, when we grouped all rare 

alleles for missense mutations only, a linear trend with BMI was observed with moderate 

significance.  However, a larger sample size will be required to confirm or refute these 

findings. 
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Figure 1.  Distribution of BMI with dosage of rare alleles 
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B. zlnBMI 
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Figure 2. Distribution of BMI with dosage of missense alleles 
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Figure 3. Distribution of BMI with dosage of silent alleles 
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Figure 4. Distribution of BMI with dosage of alleles with no functional class 

A. BMI 

  

B. zlnBMI 
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APPENDIX 6 

 

LACTASE PERSISTENCE:  EVALUATION OF POPULATION 

STRATIFICATION IN EUROPEAN-DERIVED POPULATIONS 

 

INTRODUCTION 

Lactose, the main carbohydrate in milk, is a disaccharide that requires hydrolysis 

by lactase or lactase-phlorizin hydrolase to be broken down into galactose and glucose.  

These monosaccharides can then be taken up by small intestinal enterocytes (Swallow, 

2003).  Lactase is a large glycoprotein with two active sites that occurs on the apical 

surface of the brush border membrane of enterocytes.  It is encoded by the gene LCT 

(2q21), which is 50kb in length and is composed of 17 exons.  LCT encodes an mRNA 

transcript of 6274 nucleotides and a preprotein of 1927 amino acid residues (Boll et al., 

1991).   

In most mammals and the majority of humans throughout the world, lactase 

activity is high during infancy and declines after weaning.  Lactase non-persistence is 

the normal, age-related decline in lactase activity and is often used to refer to lactose 

maldigestion (Auricchio et al., 1963).  The onset of lactose intolerance begins between 

two and three years of age and is complete by the age of five to ten years.  In others, 

however, lactase activity persists throughout adult life.  This is referred to as lactase 

persistence, which is characterized by a higher lactose digestion capacity (Gilat et al., 

1973).   
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The lactase persistence trait can be determined by assay of the lactose from a 

small-intestinal biopsy or lactose-tolerance tests.  After an overnight fast, an individual is 

given 50 grams of flavored liquid containing lactose.  Blood samples can then be taken at 

various time intervals to measure the amount of glucose, a product of lactose breakdown, 

in the blood.  These blood samples are taken immediately prior to the test and then at 

various times after ingestion of lactose (usually at 30, 60, and 120 minutes) (Lloyd et al., 

1992).   

Adults that are considered lactase non-persistent are homozygous for an 

autosomal recessive allele in the LCT gene, while adults that are lactase persistent are 

either heterozygous or homozygous for a dominant allele.  Lactase persistence is 

considered a dominant trait because half levels of lactase activity are sufficient to support 

digestion of lactose.  The observation of intermediate activity in heterozygotes implies 

that cis-acting differences, within or neighboring LCT, may be responsible (Enattah et al., 

2002). 

Lactase persistence is the most prevalent trait in Northwestern Europe, 

particularly in Swedes and Danes.  There is a decline in frequency of the trait moving 

toward Southern and Eastern Europe (Figure 1 and 2).  The proposed rationale behind the 

high frequency of the lactase persistence trait in these regions is that natural selection has 

played a role in these pastoralist populations; that the trait most likely arose in response 

to strong selection for the ability to digest milk as adults (Harvey et al., 1998).   
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Figure 2.  Global Distribution of Lactase Persistence. 

 

 

  

People in areas with high lactose tolerance (such as Scandinavia) are likely to enjoy milk, cheese, and 
other dairy products throughout their lives.  People in areas with low tolerance (such as much of Asia) 
do not ordinarily consume milk or dairy products as adults.  
(Source:  Based on Flatz, 1987, and Rozin & Pelchat, 1988) 
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In a previous study by Bento, et al., a 6 Mb region on 20q13.1 was scanned for 

association with Type 2 Diabetes using 390 common SNPs identified in this region.  

Using a case-control study approach, 300 Caucasians with T2DM and ESRD and 310 

non-diabetic Caucasians were genotyped (Bento et al., 2008).  Multiple tests of 

association were performed with the goal of screening for T2DM-associated regions for a 

more detailed analysis.  Apart from disease status, it was assumed that the T2DM-ESRD 

cases and the non-diabetic controls were an otherwise homogenous sample population.   

However, after the manuscript was submitted for publication, a reviewer commented on 

the possibility of population stratification; questioning whether or not there was a 

statistical difference between the case and control samples.   

Population stratification refers to the presence of systematic differences in 

ancestry or population substructure. In case-control study with population stratification, 

differences in allele frequencies between cases and controls may be due to population 

structure rather than association of genes with disease (Hoggart et al., 2003).  Study 

designs are susceptible if the gene under study shows variation in allele frequency across 

subgroups of the population and if subgroups differ in baseline risk of the disease.  This 

can lead to both false positive results and failures to detect real associations.  It is 

therefore necessary to select a control population that reflects the ethnic and genetic 

composition of the case population.  Matching of the case and control groups can be 

difficult to achieve, even if samples from individuals with self-reported ancestry are 

available.  Other confounders include, age, gender, and ethnicity. 

Population stratification can be caused by admixture, which is the event of two or 

more genetically diverse populations intermating to produce an “admixed” population.  
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Admixture itself is not an issue, however, the problem arises if admixture goes 

unrecognized.  Population stratification can also be caused by a disproportionate presence 

of a disease or phenotype of interest in case and control samples.  For example, if one 

subgroup has a higher prevalence of disease, then this subgroup will likely be 

overrepresented among cases compared to controls.  Therefore, any allele that has a 

higher frequency in that subgroup may appear to be falsely associated with the disease.  If 

the risk of disease varies with ethnic proportions, this will confound association of 

disease with the genotype.   

METHODS 

To address the reviewer’s concern regarding population stratification, we 

genotyped a polymorphism associated with the lactase persistence trait in the same 

population of Caucasian cases with Type 2 Diabetes and non-diabetic controls.  We 

hypothesized that the case and control populations are of Northern European descent and 

that the frequency of the lactase persistence allele does not differ between the 

populations.  Rs4988235 is an accepted marker for lactase persistence, located 14 kb 

upstream of LCT, within intron 13 of the adjacent MCM6 gene.  It is a C/T SNP located 

in an LD block spanning >1 Mb.  The T allele is associated with lactase persistence in 

Europeans (Harvey et al., 1998).  Using the Sequenom MassARRAY system (Sequenom, 

San Diego, CA), this polymorphism was genotyped in 348 unrelated Caucasian T2DM 

patients with ESRD and 872 unrelated Caucasian control subjects without known 

diabetes at recruitment.  The PCR primers were designed using the MassARRAY Design 

3.4 Software (Sequenom).  Genotypic and allelic frequencies were calculated for both 

case and control populations separately, to ascertain the frequency of the lactase 
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persistence allele in each.   A Chi-Square test, which compares observed results to those 

expected, was then used to determine if there was a significant difference in allele 

frequencies between the two populations. 

RESULTS 

We found that the frequency of the C and T alleles in the control samples was 

0.286 and 0.714, respectively (Table 1).  The frequency of the C and T alleles in the case 

samples was 0.305 and 0.695, respectively (Table 1).  The observed T allele frequency of 

~70% in both cases and controls is consistent with Northern European ancestry, as 

expected (Figure 3).  Subsequent Chi-Square analysis revealed that there was not a 

significant difference between the two groups (X2 = 0.876).  This indicates that population 

stratification between the cases and controls does not confound the association results. 
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APPENDIX 7 

  

COMPREHENSIVE GENETIC EVALUATION OF VARIATION OF THE 

TCF7L2 GENE IN AFRICAN AMERICANS 

Nicholette D. Palmer, Jessica M. Hester, S. Sandy An, Adebowale Adeyemo, 

Charles Rotimi, Carl D. Langefeld, Barry I. Freedman, Maggie C.Y. Ng, Donald W. 

Bowden. (2011). Resequencing and analysis of variation in the TCF7L2 gene in African 

Americans suggests that SNP rs7903146 is the causal diabetes susceptibility variant. 

Diabetes, 60(2), 662-668. doi:  10.2337/db10-0134 

  

INTRODUCTION 

Diabetes is a metabolic disorder characterized by high blood glucose levels 

resulting from defects in insulin secretion, insulin action, or both.  Chronic high blood 

glucose levels are associated with long-term tissue damage and the dysfunction and 

failure of various organs, especially the eyes, kidneys, nerves, heart, and blood vessels.  

Type 2 Diabetes accounts for nearly 90% of all cases of diabetes, constituting greater 

than 5% of the adult population and is characterized by insulin resistance and islet cell 

dysfunction.  Risk factors include obesity, older age, prior history of gestational diabetes, 

family history of diabetes, and physical inactivity.  Diabetes is estimated to affect nearly 

24 million people in the United States.  This significant disease burden translates to a 

major economic impact.  Prevalence is observed disproportionately across ethnicities 

with the some of the highest rates observed in African Americans, i.e., 11.8%.  Increased 

risk is likely to be multifactorial, resulting from the combination of shared cultural, 
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environmental, and genetic factors.  Although recent genome-wide association studies of 

type 2 diabetes in European-derived populations have revealed novel, reproducible 

susceptibility loci (Diabetes Genetics Initiative of Broad Institute of et al., 2007; Frayling 

et al., 2007; Gudmundsson et al., 2007; Prokopenko et al., 2009; Sandhu et al., 2007; 

Scott et al., 2007; Sladek et al., 2007; Steinthorsdottir et al., 2007; Zeggini et al., 2008; 

Zeggini et al., 2007), few have been replicated in African Americans (Lewis et al., 2008; 

Moore et al., 2008; Palmer et al., 2008). 

An exception to this observation is the association of the transcription factor 7-

like 2 (TCF7L2) gene with type 2 diabetes in African (Helgason et al., 2007) and 

African-derived populations, i.e., African Americans (Lewis et al., 2008; Sale et al., 

2007).  TCF7L2 is a transcription factor involved in the Wnt signaling pathway (Prunier 

et al., 2004).  Although initial reports implicated TCF7L2 in the regulation of the 

glucagon gene in the L cells of the gut (Yi et al., 2005), more recent reports suggest 

involvement in insulin secretion (Lyssenko et al., 2007) potentially through epigenetic 

mechanisms (Gaulton et al., 2010).  The initial report of association between TCF7L2 and 

type 2 diabetes in an Icelandic cohort identified a 64 kb linkage disequilibrium (LD) 

block of strong LD encompassing the intron 3 to intron 4 region of the gene (Grant et al., 

2006) in this European population.  Refinement of this signal in expanded populations 

revealed the strongest evidence of association with the single nucleotide polymorphism 

(SNP) rs7903146 with a relative risk of 1.45–1.49 (Helgason et al., 2007).  Although it 

has been inferred from these studies that rs7903146 is most likely the causative variant, 

the large (64 kb) LD block in European-derived populations and the large number of 
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variants in this region have made it challenging to definitively conclude that variation at 

this SNP confers susceptibility to type 2 diabetes based solely upon genetic studies.   

We previously reported association of TCF7L2 variants and type 2 diabetes in a 

large, African American case-control cohort (Sale et al., 2007).  Of the SNPs evaluated, 

association was observed with rs7903146 and rs7901695 (admixture-adjusted additive P 

= 3.77x10-6 and 0.0030, respectively) in a collection of 577 type 2 diabetic case subjects 

enriched for nephropathy and 596 controls.  Given the evidence of association in our 

African American cohort (Lewis et al., 2008; Sale et al., 2007), we sought to refine the 

genomic interval of TCF7L2 associated with type 2 diabetes in African Americans and, 

using a comprehensive analysis of variation in TCF7L2, to define the genetic basis for 

type 2 diabetes susceptibility. 

METHODS 

Subjects 

The study samples consisted of 1,033 unrelated African American patients with 

type 2 diabetes recruited from dialysis facilities and an additional 1,106 unrelated African 

Americans without a current diagnosis of diabetes or renal disease recruited from the 

community and internal medicine clinics as controls.   

SNP Genotyping and Fragment Analysis 

Genotyping of DG10S478 was performed by fragment length analysis on an ABI 

Prism DNA Analyzer 3700 with previously published primers (Grant et al., 2006) in a 

manner similar to that previously described (Janssen et al., 2005).  Fragment length was 

determined using ABI Prism GeneMapper software v3.0.  SNP genotyping was 

performed on the iPlex MassARRAY genotyping platform (Sequenom, San Diego, CA).   
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Population Structure and Statistical Analysis 

Haplotype block structure was established using Haploview 4.1 (Barrett et al., 

2005), defining blocks using the method from Gabriel et al. (Gabriel et al., 2002).  

Unadjusted measures of LD and association were assessed using the software SNPGWA 

(http://www.phs.wfubmc.edu) (International Consortium for Systemic Lupus 

Erythematosus et al., 2008).  SNPGWA computes LD statistics, D’ and r2, for each pair 

of tandem SNPs.  SNPGWA also performs multiple tests of association including the 

overall two-degree of freedom test (genotype), dominant model, recessive model, 

additive model (Cochran-Armitage trend test), and the corresponding lack of fit to the 

additive model.  Odds ratios, 95% confidence intervals, and P values were computed for 

each model of association.  DG10S478 was converted to a biallelic marker for analysis.  

Ancestry estimates were determined from 70 biallelic admixture informative markers 

(AIMs) as previously described (Keene et al., 2008; Sale et al., 2007).  The individual 

ancestral estimates were used as covariates in the association analyses.  To test whether 

SNPs were independently associated with type 2 diabetes, we performed an omnibus test 

for the haplotype association using PLINK (Purcell et al., 2007).  We further adjusted the 

omnibus test by controlling for one of the SNPs at a time. An insignificant conditional 

test suggests that the conditioned SNP is sufficient to explain the haplotype association 

and there is a single, rather than multiple, association signals at the haplotype. 
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Source:  Palmer, et al, 2011 
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Figure 1.  Regional association plot for TCF7L2 ± 10 kb. 

 

 

All SNPs genotyped on the Affy 6.0 array are plotted with their -log10 P values of association with type 
2 diabetes versus the genomic position (National Center for Biotechnology Information Build 36.1).  
The TCF7L2 gene position was taken from the University of California, Santa Cruz genome browser 
(green), and the core region of association (C10:114744078–114748339) analyzed by direct sequence 
analysis is depicted in red.  The most significantly associated SNP from the array is depicted as a blue 
diamond with its correlated proxies (red = r2 ≥ 0.80; orange = 0.50 ≥ r2 > 0.80). SNP rs7903146 and 
microsatellite DG10S478, depicted as gray circles, were typed independently in the same set of 
samples.  Estimated recombination rates from HapMap are plotted in the background to depict the LD 
structure in the region. 

Source:  Palmer, et al, 2011 
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RESULTS  

A preliminary analysis assessed association with type 2 diabetes for 59 SNPs 

across the entire 216-kb TCF7L2 gene ± 10 kb from the Affymetrix 6.0 array-based 

analysis of 965 type 2 diabetic ESRD cases and 1,029 controls (Fig. 1).  With the use of 

the Tagger program of Haploview (Barrett et al., 2005), 43 of the 59 SNPs from the Affy 

array were available in the HapMap YRI dataset and captured common variation at 121 

SNPs (MAF > 0.05; aggressive tagging algorithm) with a mean r2  = 0.73.  Notably, the 

SNP of greatest interest, rs7903146, is not typed on the Affymetrix 6.0 array.  This SNP 

is located in a genomic interval that is not tagged well (max r2  = 0.45), resulting in only 

nominal evidence of association in the Affymetrix 6.0 analysis.  Using data from 

HapMap phase II hybrid panel (1:1, YRI: CEU), 108 SNPs were imputed across the 

TCF7L2 gene ± 10 kb.  As a result, no variants were identified with the same magnitude 

of significance as rs7903146.   

In a separate analysis, 497 SNPs were imputed from the 1000 Genomes YRI Pilot 

1 dataset.  As a result, two variants were identified (rs33998771, chr10:114740378) 

proximal to our region with significant P values (3.58x10-5  and 3.29x10-5, respectively) 

similar to that of rs7903146.  To test whether these SNPs (rs33998771, chr10:114740378, 

rs7903146) were independently associated with type 2 diabetes, we performed an 

omnibus test for the haplotype association controlling for one SNP at a time.  Four 

common haplotypes (ACT, ATT, TTT, and TTC) accounted for 99.9% of all haplotypes. 

These haplotype frequencies were significantly different between type 2 diabetic cases 

and controls (0.042, 0.019, 0.268, and 0.672, respectively for cases; 0.020, 0.016, 0.229, 

and 0.735, respectively for controls, omnibus test P  = 5.4x10-6), with the haplotypes 
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TTC and ACT strongly associated with protection and risk for type 2 diabetes, 

respectively (P <  0.0001).  Omnibus analysis revealed that the haplotype association was 

significantly reduced after adjusting for rs7903146 (P  = 0.023), whereas strong 

association remained by conditioning rs33998771 or chr10:114740378 (P  = 0.0006 and 

0.002, respectively), suggesting that rs7903146 alone explained most of the haplotype 

association.   

These results lead us to focus on a single region spanning 16.5 kb.  Fourteen 

additional SNPs were genotyped in an expanded set of type 2 diabetic cases and controls 

within this interval and analyzed for association (Table 2).  The core region of association 

was between SNPs rs4132115 and rs7903146 (admixture-adjusted additive P values 

ranging from 0.012 to 2.38x10-6).  This region encompasses a 4.3-kb LD block in the 

YRI population (HapMap Phase II YRI data), which is bounded by the two SNPs 

rs7901695 and the previously associated rs7903146 (Sale et al., 2007).    

In addition, the previously associated (Grant et al., 2006) microsatellite marker 

DG10S478, which lies 38 kb distal to and outside of this LD block was genotyped (Table 

3).  Allele sizes and frequencies were consistent with prior genotyping in samples from 

African populations (Helgason et al., 2007).  Evidence of association was observed with 

the protective alleles -4 and 16 (P  = 0.043 and 5.02x10-5, respectively) and the risk allele 

8 (P  = 0.022).   

This study illustrates the power of genetic analyses in African-derived populations 

to facilitate identification of trait-defining variants.  TCF7L2 has been identified as one of 

the strongest type 2 diabetes susceptibility genes to date with associations across multiple 

ethnically diverse populations (Chang et al., 2007; Grant et al., 2006; Helgason et al., 
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2007; Lewis et al., 2008; Sale et al., 2007).  Our study is consistent with the initial 

association of SNP rs7903146 in an African American type 2 diabetic case-control 

population.  By taking advantage of reduced LD in the African American population, we 

were able to narrow the critical interval for association.  This 4.3-kb region, flanked by 

SNPs rs4132115 and rs7903146, was the focus of resequencing in an effort to infer which 

sequence variant(s) are causally associated with type 2 diabetes.  Of the 46 SNPs 

identified by resequencing, 15 SNPs were nominally associated with type 2 diabetes with 

the most significant associations observed at rs34872471, rs35198068 (imputed), and 

rs7903146, which were highly correlated (r2 > 0.74; Fig. 1) and associated with disease 

susceptibility (OR = 1.30– 1.37).  Conditional omnibus haplotype analysis suggested that 

rs7903146 was sufficient to explain the haplotype association.  This analysis suggests 

that association at rs34872471 and rs35198068 was the result of correlation with the true 

signal from rs7903146.  As a result of fine-mapping the TCF7L2 locus to determine the 

region most likely to harbor susceptibility variants, the microsatellite marker DG10S478 

was excluded as the causal variant.  DG10S478 is located 41 kb proximal to the critical 

interval defined in the African American population and is in weak LD with rs7903146 

(D’ = 0.35, r2 = 0.07). Only a single common allele of DG10S478 is nominally associated 

with type 2 diabetes, with the strongest association, which is protective, seen with low 

MAF variants. These data suggest that the contribution to disease by DG10S478 is 

nominal. 
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Source:  Palmer, et al, 2011 
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Source:  Palmer, et al, 2011 
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Figure 2.  LD structure surrounding TCF7L2 variants rs7903146 and DG10S478. 

      Adapted from:  Grant et al. (2006). Nature Genetics 
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Figure 3.  Haplotypes in TCF7L2 (CEU). 
A. 
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Figure 3.  A. Haplotype and LD structure of TCF7L2 in HapMap CEU population. B. 64 kb 
LD region in CEU harboring most significantly associated variants in TCF7L2. 
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Figure 4.  Haplotypes in TCF7L2 (YRI). 
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Figure 4.  A. Haplotype and LD structure of TCF7L2 in HapMap YRI population. B. 4 kb LD 
region in YRI harboring most significantly associated variants in TCF7L2. 
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IDENTIFICATION OF NOVEL GLUCOSE HOMEOSTASIS LOCI FROM A 

GENOME-WIDE ASSOCIATION STUDY IN AFRICAN AMERICANS 

Nicholette D. Palmer, William M. Brown, Julie T. Ziegler, Jessica M. Hester, Talin 

Haritunians, Kent D. Taylor, Richard N. Bergman, Claude Bouchard, Tuomo Rankinen, 

Barbara Gower, Jose R. Fernandez, Steven C. Elbein, Swapan K. Das, William Kraus, 

Carl D. Langefeld, Donald W. Bowden. (submitted for publication).  

 

INTRODUCTION 

 Recent genome-wide association studies (GWAS) have made major contributions 

to the understanding of complex genetic traits.  To date, there have been few T2D GWAS 

in US minority populations, particularly African Americans (Lettre et al., 2011).  In 

addition, evaluations of consensus T2D-associated single nucleotide polymorphisms 

(SNPs) from European-derived studies suggest that the influence of these polymorphisms 

in US minorities, especially African-American participants, may be limited (Lewis et al., 

2008).  Another feature of these GWAS has been that most of the T2D genes identified 

appear to mediate their influence through the beta-cell (Florez, 2008).  This contrasts 

with the widely accepted belief that insulin resistance is a major component of T2D 

susceptibility (Bergman et al., 2003).  One possibility is that GWAS evaluation of T2D 

patients compared with non-diabetic controls may not be a powerful way to locate genes 

that code for other risk factors for T2D.  Reduced insulin action and/or inability of the 

beta-cells to compensate for insulin resistance, i.e. impaired insulin disposition is 

common in the non-diabetic population and conventional case-control study designs for 
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T2D may not capture these traits.  The purpose of this study was to evaluate quantitative, 

directly assessed measures of glucose homeostasis in a non-European population.  We 

present results of a GWAS in African Americans from the Insulin Resistance 

Atherosclerosis Family Study (IRAS-FS).  Through an unbiased approach using a high-

density SNP scan and replication genotyping, we have identified novel loci that 

potentially contribute to variation in glucose homeostasis. 

METHODS 

Study Populations 

Insulin Resistance Atherosclerosis Family Study (IRAS-FS) 

Study design, recruitment and phenotyping for the IRAS-FS have been described 

(Henkin et al., 2003).  Briefly, the IRAS-FS is a multicenter study designed to identify 

the genetic determinants of quantitative measures of glucose homeostasis.  Members of 

large families of self-reported African Americans (n=581 individuals in 42 pedigrees 

from Los Angeles, California) were recruited.  A clinical examination was performed, 

which included a frequently sampled Intravenous Glucose Tolerance Test (IVGTT), 

anthropometric measurements and collection of samples for blood chemistry and 

biomarker analysis.  Insulin sensitivity (SI) was derived using mathematical modeling 

methods (MINMOD) (Pacini and Bergman, 1986) from glucose and insulin values 

obtained during the IVGTT (Bergman et al., 1985; Bergman et al., 1979; Steil et al., 

1993).  Acute Insulin Response (AIR) was measured 8ϒminutes following glucose 

infusion as the mean insulin increment in plasma insulin concentration above the basal 

concentration.  Disposition Index (DI) was calculated from the product of insulin 

sensitivity (SI) and AIR.  Fasting plasma glucose and insulin are also available.  Subjects 
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with diabetes defined by self-report, use of diabetes medications or fasting glucose 

measures >126mg/dL were excluded from this report. 

A subset of IRAS-FS African-Americans (n=254 in 40 families from Los Angeles, 

CA) were chosen for the GWAS.  This subset consisted of participants without T2D, for 

whom data for glucose homeostasis phenotypes was available and whose age, BMI and 

sex composition were consistent with the overall IRAS-FS African-American cohort.  

Insulin Resistance Atherosclerosis Study (IRAS) 

IRAS is a multicenter population-based cohort study that recruited men and 

women from 40 to 69 years of age living in four U.S. communities from 1992 to 1993 

(Wagenknecht et al., 1995).  The study recruited approximately equal numbers of persons 

with normal glucose tolerance, impaired glucose tolerance and T2D.  Subjects with 

diabetes defined by self-report or a fasting glucose measures >126mg/dL were excluded 

from this analysis.  

HEalth, RIsk factors, exercise Training And Genetics (HERITAGE) Study 

The HERITAGE study is a multicenter exercise training study designed to assess 

the role of genetic factors in cardiovascular, metabolic and hormonal responses to aerobic 

exercise training in sedentary families (Bouchard et al., 1995).  The study recruited 40 

African-American families with both parents and 3-4 biological offspring.  Among the 

phenotypes examined, the clinical exam included blood pressure, glucose and free-fatty 

acids measured during exercise as well as plasma lipids, glucose and insulin response to 

an intravenous glucose load and body fat distribution post training.  Among the study 

participants, a subset of 276 unrelated African Americans were included in analysis. 

Familial African American T2D 
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The Familial Study of African American T2D was established in order to investigate 

the genetic component of T2D in African Americans.  A total of 168 nondiabetic 

individuals with no known family history of diabetes and either a normal 75g oral 

glucose tolerance test or a fasting glucose level below 5.6mmol/l (100mg/dl) were 

recruited.  

University of Alabama at Birmingham Collection 

Among the study samples, 164 African Americans have DNA and intravenous 

glucose tolerance test data . 

Studies of Targeted Risk Reduction Interventions through Defined Exercise (STRIDDE) 

STRIDDE was a randomized controlled clinical trial designed to study the differential 

effects of exercise training regimens (dose vs. intensity) on cardiovascular risk factors 

(Slentz et al., 2005). Among the study samples, 28 African Americans underwent an 

IVGTT. 

Genotyping and Quality Control 

Genome-Wide Association Study (GWAS) 

Genotyping was performed on a subset of IRAS-FS African-American samples 

(n=254) at the Scripps Research Institute (Jacksonville, FL) using 500ng of genomic 

DNA on the Affymetrix Genome-wide Human SNP array 6.0 (Affy6.0).  Genotypes were 

called using Birdseed version 2 by grouping samples by project to determine the 

genotype cluster boundaries.  Samples were examined for Mendelian inconsistencies 

using PedCheck (O'Connell and Weeks, 1998) resulting in exclusion of one sample with 

a high number of Mendelian inconsistencies.  The final dataset consisted of 247 samples 

for analysis. 
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IRAS-FS Validation Genotyping 

 SNPs with evidence of association in the GWAS were validated in the remaining 

IRAS-FS African-American cohort (n=277) and subsequently combined for analysis in 

the overall cohort (n=597).  A total of 48 SNPs was chosen for validation. Genotyping 

was performed at Wake Forest University on the Sequenom MassArray platform 

(Sequenom; San Diego, CA).  SNP selection was based upon identification of the most 

strongly associated loci for each phenotype, i.e. SI, DI and AIR, and designability on the 

Sequenom platform.  Locus-specific primers were designed using MassArray Assay 

Design 3.0 software and resulting mass spectrograms were analyzed by the MassArray 

Typer software.   

Replication Genotyping 

 Genotyping in the replication populations was performed on the Sequenom 

MassArray platform (IRAS, HERITAGE, UAB and STRIDDE) or by TaqMan (Life 

Sciences; Carlsbad CA; Familial T2D).   

Analysis 

Genome-Wide Association Study (GWAS) 

To test for association between individual SNPs and the traits of interest, i.e. SI ,AIR 

and DI, differences in residual trait values adjusted for age, gender, BMI and family 

structure by genotype were tested using analysis implemented in PLINK 

(http://pngu.mgh.harvard.edu/purcell/plink/).  To best approximate the distributional 

assumptions of the test and to minimize heterogeneity of the variance SI was log 

transformed while AIR and DI were transformed using signed-square root.  The primary 

statistical inference was the additive genetic model that was used to rank SNPs.  
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Validation 

To test for association between individual SNPs and the traits of interest, i.e. SI, AIR 

and DI, differences in trait values by genotype were tested using the variance components 

model that explicitly models the correlation among related individuals as implemented in 

SOLAR (Almasy and Blangero, 1998).  For statistical testing, SI was log transformed 

while AIR and DI were transformed using a signed-square root to best approximate the 

distributional assumptions of the test and to minimize heterogeneity of the variance.  The 

primary statistical inference was the additive genetic model.  All tests and levels of 

significance were computed after adjustment for age, sex, BMI and admixture. 

Replication 

To test for association between individual SNPs and the traits of interest, analysis was 

completed as previously described.  The primary statistical inference was the additive 

genetic model.  All tests and levels of significance were computed after adjustment for 

age, sex, BMI and admixture where available (IRAS-FS, IRAS, HERITAGE and UAB). 

Meta-Analysis 

Association results from the six cohorts were combined using the inverse variance 

method implemented in METAL (http://www.sph.umich.edu/csg/abecasis/metal/).  

RESULTS 

GWAS 

A total of 692,923 high quality autosomal SNPs (<5% missing data and MAF>5%) 

were evaluated for association with SI, AIR and DI.  Results of the association analysis 

by trait are presented in Figures 1-3.  Although no SNP met stringent levels of genome-

wide significance (P = 2.5x10-8), SI, AIR and DI had 21, 61 and 21 SNPs, respectively, 
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that had P-values <1x10-5.  The most significant SNPs for each trait were chosen for 

genotyping on all African-American participants in the IRAS-FS (n=497).  A total of 47 

SNPs (representing 37 independent loci, defined by an r2>0.50 at consecutive loci as 

assessed in 247 GWAS subjects) with evidence of association to SI (n=19), AIR (n=15) 

and DI (n=13) were genotyped in the validation sample. 

IRAS-FS Validation 

Of the 19 SNPs selected for validation with SI, 17 (89.5%) were nominally associated 

(P < 0.05) in the analysis of the entire IRAS-FS cohort.  The most highly associated SNP 

for SI was rs17041392 (P = 1.4x10-5) in the chemokine-like receptor 1 (CMKLR1) gene. 

Of the 15 SNPs selected for validation with AIR, 11 (73.3%) were nominally associated 

(P < 0.05) in the analysis of the entire IRAS-FS cohort. The most highly associated SNP 

for AIR was rs4917354 (P = 4.8x10-5) in the retinoid X receptor, alpha (RXRA) gene.  Of 

the 13 SNPs selected for validation with DI, 10 (89.5%) were nominally associated (P < 

0.05) in the analysis of the entire IRAS-FS cohort.  The most highly associated SNP for 

DI was rs271950 (P = 1.7x10-4) located intergenically between endothelin 3 (EDN3) and 

phosphatase and actin regulator 3 (PHACTR3).  From the analysis of the entire IRAS-FS 

cohort, eight SNPs were selected for replication in five independent cohorts. 

Replication in Independent cohorts 

Of the three SNPs selected for replication with SI, only SNP rs17041392 in the 

CMKLR1 gene trended toward association in the HERITAGE study (P = 0.098) although 

the direction of association was inconsistent with the GWAS and validation analysis.  Of 

the three SNPs selected for replication with AIR, SNP rs17059549 located upstream of 

the basic helix-loop-helix transcription factor (HAND2) gene was nominally associated in 
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the HERITAGE study (P = 0.034).  This SNP was directionally consistent with the 

GWAS and validation analysis for all cohorts except UAB.  Additionally, SNP 

rs4917354 in the RXRA gene trended toward association in the HERITAGE and 

STRIDDE studies (P = 0.075 and 0.064, respectively) but was directionally inconsistent 

with the GWAS and validation analysis.  Of the two SNPs selected for replication with 

DI, SNP rs10505311 in the solute carrier family 30 member 8 (SLC30A8) gene was 

significantly associated in the HERITAGE and STRIDDE studies (P = 0.0062 and 0.039, 

respectively) however was only directionally consistent in the latter. 

Meta-analysis 

Meta-analysis of the six independent cohorts increased the sample size to 1183 

individuals. Among the three SNPs selected for association with SI, two correlated SNPs 

(D’=1.00, r2=0.76; in IRAS-FS unrelated individual, n=58) located in the centrosome 

associated protein 350 (CEP350) gene were significantly associated in the meta-analysis 

(rs16855107, P = 0.0068 and rs16855130, P = 0.0083) and directionally consistent in five 

of the six cohorts.  Of the three SNPs associated with AIR, SNP rs17059549 located 

upstream of the basic helix-loop-helix transcription factor (HAND2) gene was associated 

in the meta-analysis (P = 0.00016) with directional consistency in five of the six cohorts. 

And finally, among the two SNPs selected for association with DI, only SNP rs10505311 

located intronically in the solute carrier 30 member 8 (SLC30A8) gene was modestly 

significant (P = 0.021). 
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